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NhO  molecules,  produced  By  the  vaporlsecloo  of  a mixture  of  Nh  metal 
and  solid  Nh203  or  by  passing  O2  gas  over  hot  Hb  metal,  were  trapped  In 
solid  neon  or  argon  at  4‘K  end  inveeclgated  by  electron  spin  resonance 
(ESR)  and  optical  apeccroacopy.  Anolysls  of  Che  ESR  spectrum  escebllahed 

configuration)  exhibiting  large  nuclear  hyperflne  splittings  from  inter- 

accounted  for  as  effectively  * 0,  11.  ±2  traneltlons  (or  as  multiple 


“ 1647  HNc.  The  magnetic  parameter  b. 
cm  ^ in  the  gaa-phase  opclcel  spectrum,  Is  hei 

c pcopertles  of  ubO  (assuming  che  A-valuei 


r been  investigated 


8fld  eoQCdlus  eev«ral  vlbtacional  perturbations.  At  lease  five  Byetemo 
of  bande  appear  between  S&O  and  740  nn.  It  la  conjectured  that  the  pro- 
gression with  (0,0)  at  655.3  me  la  a *£“  •-  X*I“  transition  and  that  the 
reulnlng  bands  arise  from  a ^11  --  X**!  systea  where  the  upper  irate  Is 
parrlally  Hund's  case  Cc)  coupling.  In  the  Infrared  the  vibrational 

a sltsilar  triplet  was  recently  observed  by  ocher  vorhers  In 


through  an  Incercalatlve  ns 


f binding.  The  si 


.le  helical  nucleic  acids 


drugs  chLorproniazine,  crlflupronezlne.  j 
tbyrare  and  saleian  spern  DMA.  The  obser^ 


aromatic  pheootblazlne  ayecesi  intercalates 


pseud opolycrys tel- 


UlIltODUCTIQII 


resonance  CESB)  spectroscopy  as  applied  to  cvo  rather  different  areas  of 
interest.  Therefore,  this  study  la  divided  into  cvo  parts.  Part  One 
la  concerned  with  detemining  Che  electronic  ground  state  of  dlacoelc 
ntohluB  oxide,  NbO,  through  the  use  of  ESB  apeocroscopy.  The  results 
of  the  ESR  work  ace  auppleoented  by  results  from  optical  spectroscopic 
teohnlquas.  Parc  Two  is  concerned  with  the  interactions  of  radical  loos 
derived  from  tricyclic  antipsychotic  drug  molecules  with  deoxyribonucleic 

Information  in  cellular  nuclei.  These  interactions  have  been  studied 
by  utilising  ESB  spectroscopy  and  other  techniques. 

Tl<e  reascn  for  uniting  results  from  two  such  diverse  areas  Into 
one  comprehensive  study  Is  twofold.  First,  as  detailed  in  the  appropriate 
ancclons  which  follow,  each  area  Is  of  great  Imporcsnce  and  Interest  In 
Itself,  Secondly,  thla  study  Is  meant  to  lllustcate  how  one  experlmencel 
technique,  in  this  case  electroo  spin  resonance  spectroscopy,  can  be 
used  to  obtain  vital  and  relevant  information  In  two  seemingly  dissimllec 
areas.  Clearly  the  end  result  nf  such  a study  is  also  twofold.  Not 
only  la  vlcol  and  relevant  Informaclon  obtained  concetnieg  the  two 

and  apply  a particular  technique  to  o broad  degree,  thereby  adding  ao 

n given  experimencal  method  to  only  one  small  area  of  Its  npplUnbillty. 


Utle  philoiophy  Is  enclroly  apptoprUce  Co  bach  the  spirit  af  aadsra 
Cechaalogy  and  the  lutcure  cl  this  parcUuIac  study. 


ataosplmces  of  scars.  In  arcs,  and  tn  ths  vapor  phnse  o- 
solids  [101.  SpacCcoacoplc  scudlss  of  che  molecular  species  from  sucK 
aourees  ace  in  general  quire  dlfficulc.  The  aolacules  are  rhermally 
excited  into  many  rotational  and  vibrational  levels,  uhlch  severely 
broaden  che  observed  spectral  bands  and  significantly  Increase  their 
number,  Furthcniioce,  even  if  the  analysis  problems  can  be  solved,  unam- 
biguous determination  of  the  ground  electronic  state  is  usually  not  pos- 
sible because  of  other  lou-Iying  electronic  states  elgnlfleantly  populated 
ea.  Such  species  csnnoc  be  observed  at  lower 

s possible  to  trap  such  molecules  to  an  inert,  transperent  solid  st  lower 
n study  tho  crapped  molecules.  Studies  of  molecules 
m environment  can  provide  valuable  luformecion  deeplce  the  in- 
•t  medium.  But  why  ere  auch  studies  imporcantf 


I Interstellar  Holeculos 


acoofiphereB.  HalecuXea 


o XdenElflcd  In 


la  alBO  an  Inporcanc  role  played  by  aoleculea  ia  cbe  absorption  o£  llgbc 
Iron  cbe  Inner  reslons  (photosphere)  of  ecere.  This  "blankctlnB**  effect 

solecolea  such  es  TIO  or  are  present  in  relatively  large  coneencraclons 
UOl.  Clearly  the  study  of  such  blgh-CCBporocure  species  In  controlled 
laboratory  sltuetlona  greatly  enhances  the  efforts  of  ascrophyslelsts  In 

stellar  cbeolstry. 


the  stare  of  the  galaxy  [It].  Ttie  first  Interstellar  iDolecule.  Of,  vas 
discovered  In  1937.  and  Che  Cb*  radical,  as  well  as  the  Cb  radical,  ues 
identified  shortly  thereafter  in  spectra  taken  In  the  vicinity  of  a few 
bright  bluo-whlcc  class  0 (teaperature  about  50,000'K)  end  class  B (tenpers' 
Cura  about  IS.DOO'K)  stars  111, It).  In  late  196S,  interstellar  aoleculea 
other  than  diatonice  uere  discovered  for  the  flrnt  Uee  [It].  Alchough 


*e  cneplex  mleculea  lu 


ular  elsudi  [U],  Flr»l 


elble  for  excicoclon  of  cho  molecules  oucK  choc  Eb 
very  different  from  cerreecriel  conditions.  Some 

redio  usvee  sether  chan  vlelhle  light.  Other  condlcione 
be  referred  Co  as  an  Inccrecellar  ref rlgecacoc. 

Chermodynanles  are  to  be  applicable.  locerscellar  cese 
provided  two  key  conclusions  Chet  are  quite  intriguing 
Cloo  of  molecules  per  available  stcmi  in  Interstellar  sp 

been  decseced  In  incecstellar  space  are  Che  follovlag  {111:  OH  and  CH  lx 


amplifies 


Alchou^  Che  existence  of  Kb  atoms  in  stellar  acoospherea  la  well 
established,  KbO,  which  nay  be  present  in  cool  scars,  particularly  those 


actoog  ZrO  features,  Tliere  ore  nu  KbO  bends  generally  free  of  oislng  with 


A C«v  led  variable  acara,  csoaking  by  ZrQ  and  YO  la  found  to  be  eiinlaal  Ear 

report  BoatLy  negative  reaulca  in  their  study,  for  the  star  R Cygnl,  small 
dips  are  observed  at  6&S.d  and  659,1  nm  which  should  not  be  due  Co  grO,  YO, 
or  TIO,  and  can,  therefore,  be  due  to  MbO.  The  relevancy  of  the  present 


Refractory  Hetals  and  Hodem  Technology 

se  which  are  difficult  C( 
r exan^le}  and  their  oxldee  and  carbides  are 

more  Intimate  properties  of  these  high-temperature  molecules  [10],  Ob- 
serving them  crapped  In  a solid  at  4*K  has  holped  provide  such  Information, 
Niobium  [called  Columblum  prior  to  1960)  voa  discovered  in  1601  by 
Natchett  In  hla  study  of  an  ore  sent  Co  England  more  than  a hundred  years 
earlier  hy  John  Uinthrop  Che  Younger,  first  governor  of  Connecticut  [16-18], 


technology.  Refractory  metals  ei 
la  pcecisely  because  of  tl 

species  vaporiaing  freen  si 


process  for  Che  e.traetlon  of  the  necol  Is  ooe  in  ehich  a fixed  quenclty 

quenc  heating  In  an  Inerc-gaa  araosphere.  The  carbide  Is  then  elxed 
with  HbjOj  and  the  mixture  heated  In  vacue.  Kb  metal  being  formed  by  Che 
reaction  (163  ^2^5  * 5SbC  ■ 7Nb  1-  SCO,  since  CO  Is  Insoluble  in  Hb.  The 
maximum  permissible  Impurity  level  for  satlafsetory  Kb  usually  Is  0.20 
percent  Ta,  0.002  peccenc  Tl,  0.03  percent  SI,  0.01  percent  Pe.  and 
0.02  percent  C (16).  Niobium  is  a white,  aoft,  ductile  metal  which  can 
be  more  easily  worked  chan  Te  and  can  be  rolled  as  readily.  Klobium 
metal  can  be  punched  and  can  be  drawn  oven  against  the  dlroctlon  of  rolling 
without  splitting.  Although  Mb  does  not  become  as  brittle  as  Ta  when 
heated  for  abort  periods  of  time  in  air,  ell  annealing  procesaea  muse 

air  at  ambient  tempereturee  over  a long  time  period  end  atares  to  oxidiee 
in  air  at  200“C.  Niobium  Is  50  percent  more  expensive  volume  for 
volume  chan  tantalum  |161,  but  la  only  half  ae  danse.  Its  applications 
are  usually  limited  to  the  most  costly  tubes  (trsosmlccer  tubsa,  high- 
voltage  rectifiere,  and  X-rey  tubas)  which  mska  e high  profit  above  the 

alloy  steels  as  well  as  with  nonfarrous  metals.  These  alloys  have  Improved 
etreogth  and  ocher  desirable  propetclee.  Niobium  is  used  In  arc-welding 
rods  for  srebillssd  grsdes  of  stainless  steel.  Niobium  also  hss  supec- 
CDoducting  properties  and  a superconducting  magnetic  hes  been  made  with 
Nb-Zr  wire,  which  recaliTs  Its  superconductivity  in  strong  magnetic  flnldn 


IS-ISJ. 


. into  a class  of  molecules  V 


lave  iopoctent  Impli- 
'n  metallurgical 


Dctenslnaclon 


life  itself.  It  was  believed 
enly  tveoty  of  the  natural  eleBenta,  but  It  hai 
role  Is  played  by  four  others,  namely  fluorine, 
[19].  VenadiuB,  of  course,  le  the  llghteet  of 
aetale  and  its  cheoical  properties  are  similar 


It  la  Interesting  to  speculate  upon 
recently  chat  living  oatcer  incorporated 


' heavier  elcBent  al 


a as  follovs  [191: 


llicon,  tin,  and  vanadium 
e Group  Vb  transition 


essencial  elemenc 


simply  has 


rsoalM  MCtrsly  imlioown,  or  at  lease  unelaat.  nils  lack  of  kiwuledge 
could  conceivably  be  crlelcal  in  a period  vhen  the  biosphere  is  belog 
Increasingly  concaminsced  by  synthetic  chemicals  and  subjected  to  a 
possibly  dangerous  redlsctibutlira  of  salts  and  metal  Ions  [Wl-  The 


current  discovery  of  unusual  chemical  forms  of  metals  (methyl  mercury, 
for  eiample)  and  a thoroughly  complex  series  of  competitive  and  synergistic 
relatione  among  mineral  salts  leads  to  Che  reallistlon  that  the  human 
^ ignorant  of  many  basic  facts  about  how  the  chemical  eovlronmant 
affects  Its  htologlesl  fate  [19].  the  post  Archibald  Maclelah  described 


the  dream  of  sciance  ood  It  la  chtough  continuoua  study 

Consequently,  s knowledge  of  the  ground  eloccronic  state  of  the  [TbO  me 
cule  la  not  metely  an  eaeiclie  to  hone  the  Intellectual  axe,  but  la  lo 
cant  In  Its  own  right  aa  adding  essential  information  to  the  existing 
body  of  scientific  and  cechnlcsl  data. 


The  study  of  hlgh-tnnpetature  molscules  such  as  MbO  in  a solid  at 

matrix  laolatlon-  Matrix  isolation  has  buen  defined  (10,201  as  a tech- 
nique for  trapping  molecules  ss  isnlated,  nonlnternctlng  entitles  In  an 
inert  solid  (matrix)  in  order  to  Inveatigarr  their 


properties,  usually 


ispecttojcoplc  method*.  The  primary  assumption  of  this  techolque  is  that 
the  molecular  loformaclon  gained  is  gas-like  within  small  limits  Emcen- 
alve  details  and  reviews  of  aatrii  isolation  as  applied  to  atomic  and 
molecular  atudies  are  to  he  found  in  the  llceratur*  110,20-24].  The 
common  technique  of  treating  solid  anmples  by  diluting  with  KSr  and  forming 
a campreased  disk  of  finely  dlapereed  solid  In  a KSr  mstrim  may  be 
crudely  considered  as  a progenitor  of  the  present  form  of  mntrlm  Isolation 
123J. 


Hatrls  iaolatloB  ii 
tion  {deposition)  of  gase< 
10^  molar  ratios)  of  Inori 
exceosive  transletionol  as 
prevented  from  xotating,  I 


le  simultaneous  coadeoss- 


partlcularly 


a usually  achieved  by 

material.  The  crapped  ooleculea 

ts.  Aa  a result,  the  spectra  obtained 
le  obtained  for  any  other  state  of  matt 
■e  employed  In  the  eaperlmencs  (20-24), 
esnon  form  of  matrix  Isolatloa  requires  the  use  of  hlgh-tenpera- 
b cells  for  the  productloo  of  siolecular  species  and  cryogenl- 
d surfaces  for  the  trapplog  of  these  apeclas  la  an  inert-gas 
matrix.  Such  an  arrangement  is  indlcsced  schematically  in  Figure  1. 
Another  method  creates  psaudo-hlgh-cemperatute  conditions  by  subjecting 
sample  material  to  radiation  from  Mgh-eoergy  a> 
or  electric  discharges,  ultraviolet  (ini)  lamps, 


the  trapped  molecule  and  which  i.s  readily  nod  rigidly  eoUdiflcd.  The 
rare  gases  are  usually  used  because  [hey  are  relatively  Inert  and  offer 


{approximately  iooo  molecules  of  argon  per 

MOLECULE  OF  SAMPLE  VAPOR) 


FlEore  1. 


(boiling  point  2' 


o liquid  He  (boiling  pe 
end  liquid  (boiling 


solid  rsro  gsses  enhlblc 


or  liquid  He 


liquid  He  as  Che  cryogenace  since  It  Bales  ac  24"K 
■olid  abaca  probably  begins  ac  sbouc  12*K.  The 

luras  of  roughly  10  corr  ac  chese 
e crapping  surfeoe  Is  usually  cooled  by  IncrodoclBg 
a cODCrolled  leak  of  liquid  or  gaseous  cryogenace  Co  a cold  block  chac 
is  In  good  chermal  coacacc  wlch  the  crapping  surface.  Also  in  use  are 
"Cryotlps"  utillalng  che  Jouls-Thonpaon  effect  In  Che  e*panalon  of  Ha  or 
Hj  gas  ac  high  pressure.  The  Boat  suitable  crapping  surfaces  for  che 
various  apeccroacoplc  regions  are  cryscslllna  quarci  or  SI  for  che  far 
infrared  (IE).  Csl,  Or.  NnCl  (TK) . quarts.  LIP  (to  105  na) . CaP^  (visible. 
UV).  and  sapphire  rod  or  soaa  ocher  nonconduccing  (nacerlal  for  eleeeroo 


Bolacule. 


eompoaed  of  che  leaac-polarlaable 
a lease.  Keen  Is  thus  usually  fov 


illd  BscrlJt  will  have  . 
laolsclon  le  to  crap 


le  Bolacules 
: expected,  che 


e prlRscy  advantage  of  anking  apeccroacoplc 


Bolccule  i 


in  lea  loueat  energy  acate  and  vibraclonal  or  cleccconlc 
Induced  by  approprlnce  cleccroBcgnaclc  radiation  always  begin 


from  thsc  level.  Although  this  greatly  elepUflea  the  spectre  chat  art 
obcalned.  the  crapping  of  the  .oleeule  in  the  inert  nedira.  does  cause 
so»e  alteratioo  of  its  properties,  A variety  of  fundanentsl  Bolecular 
properties  can  be  obcaleed  from  aatrla  isolation  studies,  vibrational 
frequencies  (Ig),  geoaetry  (IR) . electronic  levels  (near  IH,  visible,  0 


essential  advantages  of  aacrlK  isolation  speetcoacopy  over  gae-phase 
spectroscopy  at  the  present  tide  may  be  suimarlied  as  follows. 

(a)  The  ability  to  observe  noraally  unstable  or  highly  reactive 
species  at  Uisure. 

(b)  The  ability  to  reduce  and  ellBioace  theraally  induced  roca- 
ttonnl  and  vibrational  eseicaclon,  particularly  for  hlgh-tecipecature 
species.  As  a result,  there  are  no  "hot"  bands  and  the  vibrational 
bands  are  sufficiently  narrow  to  allow  acourate  frequency  neasureaencs 


and  pemlc  generous  use  of  Isocopic  substitution,  Furchetnore,  cbe 
snnslclvity  Is  enheneed. 

(e)  The  sblllty  to  build  up  sufficient  concenctatlon  to  observe 
species  of  low  ebundunte  or  spcctrel  festures  wltb  low  sbsorptlon  ooef- 


(d)  The  sblllty  to  conduct  eontrollod  diffusion  evpetltDencs  in  order 
Co  follow  Che  production  of  polyBcrs.  possibly  to  the  sntual  point  of 
crystal  forauclon,  thereby  obtaining  Information  bridging  the  behavior 
of  the  molecular  and  aolld  crystalline  states, 

<e)  The  ability  to  make  use  of  the  preferential  orientation  of  some 
species  in  matrices,  which  is  pertlculacly  Important  in  the  case  of  hlgh- 
•e  molecules  since  preparation  of  real  single  ctystsls  of  such 
la  quite  impossible. 


IgolaLlon 


18  of  band!  vary  greatly  j 
. matrix  ebaorprloa  speeti 


The  dlaadvantagea  of  the  technique  may  he  suMtaclzed  aa  followa: 

(a)  The  moat  comaon  and  readily  Idaotified  dleadvantage  is  the  fn 
quency  abifc  from  the  gas-phaae  valuea,  an  effect 
vibrational,  and  eleocroalc  transitions.  Matrix  vibrational  shifts 
He  usually  amount  to  about  q percent.  Frequenclea  In  Ke  matrices  ai 
often  louet  chan  the  gas-phase  values  end  frequently  data  from  Ne  ai 
Ar  matrices  will  bracket  the  gas  data. 

pending  upon  the  extei 

a particular  progression  Include  tcanaltlona  from  the  vibrational  level 
V . 0 In  the  ground  state  to  v’  - 0,  1,  2.  . . . In  an  excited  state. 

The  hands  in  a particular  progression  will  always  have  the  same  shape, 
a fact  which  Is  useful  In  identification:  moreover,  matrix  perturbations 
can  be  excremely  helpful  here.  The  departure  of  llnashape  from  the  usual 
Lorentalan  form  is  generally  attributable  to:  (1)  the  occupation  of 

multiple  sites  In  Che  matrix,  and/or  (2)  the  simultaneous  excitation  of 
lacclca  nodes.  These  criteria  apply  If  isolation  is  really  occurring 
and  dimers  or  large  clusters  are  not  also  present  In  significant  concen- 
tration. The  crapped  molecules  can  occupy  positions  In  the  lattice  which 
are  encrgetloally  elmllar  (perhaps  substitutional  and  Interstitial  sites 
for  example),  in  idilch  case  closely  spaced  multiple  bands  will  sppear, 
corresponding  to  s single  bsnd  In  the  gns  phase,  site  splitting  Is 

0 ^ In  msgnltude  and  la  sometimes  difficult  to  ceaolvn. 
e splitting  eon  be  reduced  or  even  completely  eliminated 


typically  a 


proof  of  Che  DuXclple 
crapped  ia  maccices. 
ec  4®K  provide  a senalcive  ladlcacioa 


rv,  followed  by  rapid  quenching  Co  Che  original 

perbapa  aoee  aolld-acace  dlffualon.  Striking 
I bypocheala  haa  cone  from  E5R  apeecra  of  aeons 
wire  significance  la  che  face  Chat  such  speccra 
elecCranlc  properelea  of 


la  scudlea  yield  no  rocaclonel 

nd  CO  have  Inceroacing  rocaelonal  nocloo  In  nacrlcea. 

(d)  A furcher  dlsadvancaga  Is  chac  Incooplece  laolatlon 


n Spin  Reaoaance  Speccroacopv 


■R  Scudlea  of  Hattla-laelaced  Kolaculaa 


ESB  scudlea  of  dlacoale  Dolecules  concalnlng  a 
in  nade  la  cha  gas  phaae  and  Ic  la  unlikely  chac  i 
ir  fucure  since  ealsclng  n: 


of  nolacules  chac  ace  acsble  wlch  respecc  co  cha  solid  phase  ec  tenpare- 
cucas  In  excesa  of  1000*K.  The  technique  of  macrlx  laolaclon  waa  first 
applied  to  Che  study  of  che  apeccroscopic  properelea  of  ' 
in  an  IB  Invaaclgeclon  of  and  BjO,  t251  ai 
work  using  che  nacrlx  techniques  sa  applied  Co  hlgh'C< 

0 131,  AlO  [29],  end  BC^  1301-  Reeulca  have  alnce  been  reported 


.1  Diatomic  Oicldgs 


in  aeveial  ralaced  fields  [31).  This  group  contains  soos  of  the  nost  sta- 
in Che  visible  region  of  Che  speccruo.  Sous  of  these  ace  observed  in  Che 
spectra  of  cool  scars,  as  aBacloned  previously.  The  electronic  states 

!8  poaescheoretlcal  pcobleios.  However,  the  lighter  neoibecs  ScO, 
electronic  structures.  Impoccant  results  have  recently  come  from  studies 
matrix  oethod  has  supplemented  Infornatloa  from  gas-phase  apecccoacopy 


be  discussed  here  before  de- 
gSg  spectroscopy  to  the  UbO 


aBBoclaCBd 


acace.  The  «leceracna$QeCic  Tadiacloa  field  hue 
anal  oaclllatlag  electric  acd  leagnetlc  flelda.  Heat  faros  of  specCrascopf 
utilise  the  InteracclcTi  af  the  electric  field  caopeaeot  with  looleculsr 
species.  The  eceegy  required  to  pcateoce  an  electraa  froo  Ite  ground  energy 
state  to  excited  energy  srsces  Is  ebaorbed  In  the  fom  of  a radiation 
quantuo  with  an  energy  hv,  where  h la  Planck's  couatanc  (6.626196  x 


Two  t 
Chu> 


frequency  of  the  rsdiaclon 
met  for  sbsacptlon  Co  occu 


This  relaclocL  Is  known  as 
aclJBulete  an  oscillating 


be  reaonacce  condition. 

eccrlc  (or  oagnetlc)  dipole  it 
cransicloD  la  said  to  be  "allt 

presence  of  a static  magnetic  field  la  often  re- 
ipy  deala  mainly  with  the  electron  oagoeclc  dipoles 


.)  spectroscopy  deals  w. 


oagnetlc  dipoles.  A rigorous  desoriptlon  oJ 


le  electron  spin  r> 


The  oagnetlc  dipole  of  an  electron  msy  be  thought  of  as  arlelog  fron 


creates  a magnetic  field.  The  magnetic  dlpnle  leoy  arise  fi 
of  the  electron  about  the  nucleus  of  no  atom  (called  the  o] 
dipole)  or  from  the  spltinlog  of  the  electron  about  on  axis 
center  (called  the  spin  magnetic  dipole).  In  most  cases  » 

magnetic  dipole  with  a magnetic  field.  This  is  a vector  cuantlty,  that 

ment  In  effect  measures  the  strength  of  ttie  magnetic  dipole  in  a unit  mag 


energy).  The  ai 
tlcatlvely  by 


ita  tend  to  be  oriented  by  a magnetic  field  H.  Since 

. one  In  which  u and  g are  parallel  (Che  stece  of  minimum 
it  of  wor)c  U required  to  disalign  M from  K ia  given  quan- 


z-dlrecclon,  which  ie  arblCrarlly 


vhare  cbe  prcporclcinfillc?  coaicaac  y 


where  e 1>  Che  charge  ge  the  eleccroe  C4.B03250  x lo”^®  eeu),  i is  the  aass 
of  the  electron  <9.109558  x lO"^®  g),  and  c la  the  speed  of  light  <2.9979250 
X 10^®  eWsec).  &iuaclonB  <4),  <5).  end  <8)  Chen  lead  to  the  celacign 


- -<eh/4iniE)Hg  . <7) 


Ecuatioo  (7)  applies  Co 


electron  spin.  Eq.  <7>  must  be  rewritten  as 


strictly  a quantum  aiechaoical 


■ -g<eh/4xmc)>Ig  - , <8) 

where  <■  eh/4nmc  = 9.274098  x 10^^  erg/G)  is  called  Che  Bohr  magneton  and 
is  called  Che  g-Eaccor  oE  the  electron. 


>.002319278) 


phyalcsl  ci 


Ic  iM  cenarkable  thac  cha  cheary  gf  quanlum 

gauch  magnetic  polag  ware  ngc  elighcly  dtaallgned  with  reapecc  eg  iea 

(a)  Che  acrengch  of  Che  eacemal  field  and  (b)  Che  cacio  of  cbe  objecc*e 

ced  Co  any  desired  acrengchi  Che  redo  June  mencloeed  is  a propercy  of 

ic  Is  only  Che  racloe  Cor  Che  varioua  particles  and  aoc  the  separate  values 
clng  mieerouB  phenoaena,  c 

eleccron-splc  siagueClc  oooencs  la  e nagneclc  field  ace  |iven  by 

E - gB  HM,  - (U/2)g6  H . (9) 


that  aaparation  af  electron  energy  levelSi  which  from  Zq.  <9)  ia 


(10) 


freqaenclea.  Eq.  (10)  is  satisfied  over  a wide  range  of  frequencies  and 

spacing  of  Che  energy  levels  and  adjusting  hu  Co  fit  that  spacing.  This 
unique  aspect  of  ESK  (and  N>(R)  s 

slty  versus  magnetic  field  rather  chan  frequency  (or  wavelength). 


CRAPTEB 


EXPERIMENTAL: 


Hjitclals 


ware  obtfiLaed  froa  Spex  InduBCriftfi.  Inc.  Enclched  oxygen  ^^0^  (93d-Z  puce) 
pie  cell  fabrlcaclon  were  obceined  Ecom  Genecel  gleccclc  oc  Psneceel  Hecel- 
gasuB  BS  deeccLbed  below. 


fNb:0  Biolec  laclo  appcoxloaCelp  111)  oc  by  paesiug  or  over  Nb 
Bacrix-lBoLecIon  aciidlea.  Kasai  HI  generated  Vo  diatomic  noleculeB  by 


approxifuceLy  1:1)  co  about  IdOD'C  io  a tungaten  cell*  At  cbis  temperatura 
VO  Is  known  to  be  Cbe  major  species  prosonc  io  the  vapor  phase  [471. 

Ueltnsr  and  McLeod  [6]  generated  diacoialo  tancaluB  oxide  nolecules  either 
by  the  vaporisation  of  solid  ta^O.  or  by  passing  ^^0.  or  ^^0.  into  a 

I950*C  TaO  and  TaO^  are  present  In  roughly  equal  asounta  in  the  equlllbrlun 
vapor  over  ISjOj  [48]. 

Several  etudiea  I49-5S)  have  shown  that  the  reduction  of  Nb,0-  by 
Mb  metal  and  the  oxidation  of  Nb  metal  by  0,  gas  yield  predominantly  UbO 
and  NbO.  as  volatile  oxides.  In  the  present  work  the  results  of  earlier 
mass  spectroaetrlc  and  thermodynamic  studies  [521  were  useful  in  establishing 

la  demonstrated  by  the  preeenne  of  strong  ESk  and  optical  algnals  clearly 
attributable  to  MbO  with  a cell  surface  cemperature  of  1900  to  2000‘C. 

solid  Hb.O.  in  vacuo  ac  temperatures  greater  than  about  900*C  la  subjected 

■t*  1/2  O^Cg)  and  since  the  vapor  pressure  of  Nb  metal  at  the  operating 
cemperacurea  is  of  the  order  of  10  ^ torr  [16,18,561,  neither  Che  pancoxlde 

volaclllesclon  of  NbO  Involves  the  processes  1521 


Shots. 1)  V.  Nbotg)  , 

2NbOCs,l)  “ SbOj(g)  + Kb(s)  . 


volaclliastlon  of 


4 furnace  errengemence,  llquld'heliijB  Dewari,  and  eleccrnn 
deviand  fnr  generaelnn  of  NbO  dfncoDlc  molecules.  The  Llquld-h< 


Three  different  cypea  of  Devar  arrangements  were  used  vlcb  Che  furnace 

The  design  and  dimenelons  of  Che  thick-wslled  tungsten  Knudsen  cells 
used  with  Inductive  hescing  ace  shown  in  Figure  2.  The  cell  Is  held  at 

tungsten  rods.  The  parcicular  design  shown  In  Figure  2 was  utilised  for 
Kb/Hb^O^  sample  nincures.  For  passing  0^  8ss  over  mstel  powder  the  cell 
design  In  Figure  2 was  modified  by  drilling  a 0. 125-inch  hole  through  the 
center  of  Che  bottom  of  the  cell.  Small  pieces  of  clean  cungscen  foil 
wece  also  placed  loside  the  cell  to  promote  edequete  clrculacloo  of  0, 
gas  over  the  Nb  metal  powder.  The  cell  wee  coonecced  to  a l-llter  glass 
bulb  of  0^  gas  by  means  of  a 1/8-lnch  O.D.  tungsten  cube  which  was  capered 


iliAgraB  of  inducclvely  hescod  tungsten  Knudsen  C' 


of  1/8-inch  O.D.  chlifwalled  turgsten  cubing  with  an  effusion  hole  <1/16- 
Inoh  diasacer)  nanceced  on  Che  length  of  Che  cube.  End  plugs  foe  chose 

into  one  end  of  a pacciculac  individuel  cell,  the  coaplece  reslscaoec 
cell,  end  plugs  incloded.  uea  attached  Co  Che  water-cooled,  coppec  elec- 

accached  to  Che  eleecrodea  vlch  Cungecen  screws.  Reaiscance  cells  were 
used  exclusively  with  Kb/Nb^Oj  slxcuree  after  acceepcs  with  a design  modi- 
fied Co  permit  passage  of  0,  gas  over  Nh  metal  powder  showed  chat  at  Che 
necessary  experlmenCal  cemperatura  range  of  1900  Co  2000‘C  the  chln-ualled 
CungsCen  cells  readily  rupcured,  presumably  due  co  rsacclon  wich  0.  and/or 

metal  powder  were  dons  using  Inductive  heating  end  cbich-walled  tungsten 


The  basic  features  of  the  liguld-hellum  Dewar  used  for  ESP  scudlea 
areshowo  In  Figure  3 along  with  a furnace  arrangement  utilising  resisclve 
heating.  In  the  figure  chs  aample  cell  is  shown  in  a vercioal  poaicloni 


The  flue  crapping  surface  in  the  ESR  Dewar  arrangement  is  a siagle- 
cryntal  sapphire  rod  (length  1-1/4  Inches,  width  1/S  Inch,  thickness  3/64 


Figure  ).  Baulc  duelgn  leatures  of  llgutd-hcHiui  Oeuir  used  fur  ES!t 
ecudles;  furnace  errengenenc  for  re&isElva  heating  only. 


equilibrate  quite  rapidly  with  Che  liquld-helJ 


! Figure  3).  SId  accurate 
alagle'cryacaL 
( expected  to  thennally 
lar.  The  vereacllity 


aseenbly  located  i 
was  Boc  utilized  io  Cht 

molecules  orlginatiog  ; 


cavity  by  a vacuuffl-cigbt  bellova 
of  Che  Dewar.  The  cavity  la  designed  to  perolc 


beam  of  hlgh-teBperacure 
Dewar  arrangemeoc  and  furoace  aeaeiably  are 

>d  between  Che  pole  faces  of  the  Dagnec  until  Che  FSR 
properly  poalcioned.  The  sapphire  cod  la  Chen  lowered 
1 Che  cavity  and  a shore  length  of  waveguide,  projecting  froB  the  Dewar 

:he  eavicy.  Is  connecced  to  the  speccromecer  microwave  bridge.  The  spin 
apercrum  can  then  be  measured  with  Che  sapphire  rod  Curned  In  any 

This  provides  openings  so  that  light  can  be  passed  through  the  flat 
nurlaces  of  the  sapphire  rod  to  weasure  the  optical  abncrptlon  spectrum 


These  i^Ddows  else  coavenleocly 
c possible  CD  erep  molecules 


errengeoeac  of  Dewsr  end  fucoece  meki 

end  liquid  nlErogen  In  Che  furnsce  ccep  of  epproximscely  7 e 10  ” cocr 
In  Che  Deosr  end  7 x 10  core  lo  cbe  furneee  olch  Che  connecCins  gece 

cocr  when  Che  gece  vslve  is  opened.  Simllec  Independenc  puaplng  of  Che 

end  comparable  background  presaures  ere  ohcelned  chere  also. 

for  opclcel  scudies.  There  are  cwo  laporcanc  design  feacuree  Incorporaced 
loco  chls  ercangeaenc.  Flrsc.  Che  deposlclon  window  can  be  rocaced  90” 
abouc  a verclcal  axis.  A macrlx  can  be  applied  ebrough  one  of  chree 

chls  eyscea  boch  for  deposlclon  and  pore  wlndown. 


desired  inftered  range 


aetile  variable-ceoperacure  Dewar  arrangeaonc  (sea  Figure  D}.  Tbe  enly 
change  fron  the  previoualy  dlacussed  optical  Dewar  arracgeiBenc  la  Chat  a 
new  cype  of  liquld-hellua  Dewar  la  used.  A reservoir  of  liquid  helium  ia 


e helliuB  flows  through 


by  Che  needle  valve  setting. 


magnetic  fie! 
Scientific  mt 
Bechaian  6121 


DatcuBent  employlog  auperbeterodyoe  detection.  I^e 
5 NHh  Elumecer  whose  frequency  was  determined  with  a 
I a dewlecc-Pachard  high-Q  waveneter. 

General  Electric  tungsten  lamp  provided  the  continuum  light  source. 


Infrared  apeecra  were  recorded 
erklct'Elmer  621  grarlog  infrared 


:e  aeaaured  with  e Leeds  and  Korchcup  vaaishlng- 
filanenC  optical  pyroeiecer  Cbrough  an  0-rlng  sealed  glass  viewing  pore 
Case  rigurea  3 and  4)  equipped  with  a aagneric  sburcer  to  prevent  vaporl- 

slghted  Into  a black-body  bole  (see  Figure  2)  In  the  bottoD  of  the 
tungsten  Knudsen  cell  and  on  the  center  portion  of  Che  cesiscively  heated 


The  following  procedures 
8 outgaseed  In  the  furnace  t 


Eaperlmental  Procedures 

typically  usei 


reslaclvely  or  Inductively, 
a tefflperature  of  2200  to 

was  reisoved  frco  the  furnace,  and  filled  with  aanple  aaterlsl. 


a temperature  of  about  1000*C  for  an  hot 

The  llquld-helluD  Dewar  was  precooled 
through  Che  top.  The  pressure  release  valt 
window  temperature  of  Che  optical  Dewar  reached  about  8D*K  li 
16  minute  period.  The  liquid  nitrogen  was  forced  out,  the  si 
oughly  and  quickly  flualied  with  dry  nitrogen  and  Chen  helium 


16  Chen  replaced  and  Che 


liquid  helluiD  Adalcced.  It  w&a  found  to  be  particularly  Inportant  to 
thoroughly  flush  all  liquid  nitrogen  fron  the  varleble-tenperacure  ayeten 
to  prevent  blockage  in  Che  helium  flow  Co  the  copper  bloek  due  to  liquid 
nitrogen  freezing  In  Che  cubing.  Occaalonal  rough  pumping  on  Che  aiero- 
neter  outlet  line  was  necessary  to  circumvent  Che  vapor  lock  which 


t through  Che  copper  block 
luracion  of  Che  experiment, 
deposition  since  it  was  neci 


lie  was  particularly  important  after 

When  using  the  ESk  Dewar,  a preliminary  cooling  of  Che  Inner  hel 
war  with  liquid  nitrogen  as  deacrlbed  above  was  also  alwnye  carried 
en  using  the  sapphire  rod,  the  rare  gas  was  deposited  on  both  sides 

e furnace  Co  prevent  sample  from  being  depoalced  directly  on  the  ro 


Burface.  The  sample  macrlx  was  also  coated  with  rare  gaa  by  a 5-minute 
deposition  after  the  macrlx  was  formed.  Every  5 minutes  during  Che  run 

In  the  epcical  Dewer  only  ooe  side  of  the  window  Is  costed,  but  rare  gas 
was  deposlcsd  for  about  3 mlnutee  both  before  and  after  macrlx  formation 

for  optical  scudlea.  The  rare  gas  flow  race  was  mslncalned  at  approxi- 
mately 0,5  1-acm/hr  and  Che  race  gas  was  precooLed  with  a liquid  nlCrggen 

always  near  d*K.  Typical  deposition  times  were  30  mlnutos  on  the  eapphlre 
cod  and  30  minutes  on  Cha  Csl  window,  Typical  Dewar  praaautes  during 


SAppKire 


tocr.  The  nacrlx  wee  usually  pale  green,  particularly  on  the 
rod,  for  those  runs  In  which  apecctel  evidence  clearly  indicated 
the  presence  of  NbO  in  Che  Dacrix.  The  furnace  asaeably  uaa  usually 
opened  to  the  Dewar  only  after  It  could  he  clearly  seen  through  the  aide 
vlewliig  port  of  the  furnace  housing  chat  a fU®  or  "oirror"  was  being 
deposited  on  Che  front  wall  of  Che  furnace.  Formation  of  such  a "mirror" 
inuarlahly  proved  to  be  s tellable  Indication  chat  sample  effusion  from 
the  cell  was  aaclefactory  for  matrix  deposition.  The  gate  valve  connec- 
ting the  furnace  and  Dewar  was  always  closed  Immediately  after  deposi- 


apectrsl  results  Indicated  chat  sample  eoncentcation  in  the  matrix  was 
sufficient  without  further  depoiltion,  at  which  time  Che  cell  wee  ellowed 


.0  the  varlehle-tei 

IS  carefully  end  slowly  closed  manually  and 
te  rise  In  temperature  followed  closely  with  Che  thermocouple  aod  by 
icing  Che  rise  in  pressure  In  the  Dewar  (usually  up  to  the  lO""  scale  of 
le  loo  gauge).  The  matrices  vets  typically  warmed  for  periods  of  5 Co 
) ffllautee  and  then  guenched  agalo  to  4*K  by  opening  the  needle  valve, 
le  optical  spectrum  was  then  checked  for  any  changes  due  to  this  annealing 


Experimental  Problems 

erperlmencal  work  in  addition  to  those  already  mentioned  foe  Kb(o)  + 0,(g) 
experiments  with  reslatlve  heating-  Reaisesnee  heating  of  »b/NbjOj  mlx- 
Curcu  Invariably  gave  good  reaulcu  and  no  experimental  difficulties  were 
experienced.  Inductive  beoclng  of  Hb/Nb^O^  mixtures  was  generally 


MtlsEecCor;,  although 


'e  alwaya  abtalnad  li 


tlue  heating  aaaainhly  were  aerupuleuely  claaoed  with  abraslva  paper  and 
than  washed  with  alcohol  or  acetone;  Che  connections  also  needed  to  be 
aa  tight  aa  possible  to  give  good  heacin|.  Inductive  heating  with 
bb(a]  + O^Cg)  eapetlioents  presented  aeveral  unexpected  pmhleos. 

It  was  found  that  the  race  of  flow  of  Oj  gas  was  very  laporcant, 
not  only  Insofar  as  the  aaoucc  of  SbO  formed  and  deposited  In  the  matrix 


material  was  forced  to  the  front  of  the  cell,  blocking  Che  effusion  hole. 
The  effusion  hole  was  also  occasionally  blocked  by  apparent  sintering  of 
Che  sample  material  even  when  some  diatomic  molecules  were  Initially 
trapped  In  the  matrix.  Several  runs  also  yielded  Inadequate  results  due 
CO  sample  material  flowing  back  Into  the  tungsten  tube  leading  to  Che  0, 
bulb,  thereby  blocking  further  flow  of  Oj  gae.  After  ooe  costly  fsllure 


ie  syacesi.  Tbs  experience  gained 
Lch  future  runs,  A needle  valve 
ilth  a power  setting  of  60  giving  a grid  current  of  108 

It  visible  and  IR  spectra  were  obtained, 

:e  leakage  probleme  In  the  vacuum  aysten  occasionally 

loft  In  the  Khudsen  cell  after  an  ^b(s)  + f^n  could  be  uaed  again 


CHAPTES 


IncroductioTi 

Th*  fundaBencsJ  relationship  between  Che  frequency  u of  cbe  oectl- 
laclng  nagneelc  field  of  cho  applied  alccowoue  radiatloo  and  Che  external 
field  h ac  which  resonant  absorption  occurs  la  given  by  Eq,  (11), 


and  I U Che  electron  g-factor.  In  Che  real  world  of  ESR  spectroacopy 
the  unpaired  electron  aeldoo  enjoys  the  simple  sltuaClon  Indlcaced  by 
Eq.  (11).  If  Eq.  (II)  la  used  merely  Co  describe  the  field  ac  which 
cetanant  absorption  occurs  for  a given  energy  Input,  hv,  ic  la  found, 
for  example,  that  (a)  lo  numerous  cases  g varies  with  H and  Che  simple 
linear  relationship  between  v and  b lo  Eq.  (II)  la  approxlmatad  only  ac 
high  fields,  (b)  for  cryacallloe  samples  cho  reaonanc  value  of  B la  a 
function  of  Che  angle  between  Che  cryscaUIce  axes  and  the  applied  field 
so  that  g ia  anlaoctoplc,  chat  Is,  orientation  dependent,  (c)  the  numeri- 
cal value  of  g and  Che  amount  of  anisotropy  for  a given  paramagnetic 
sample  vary  with  Che  struccuce  of  the  cryocal  In  which  they  are  onamlocd. 
(d)  in  comparing  the  observed  g-valuea  of  many  paramagnetic  Iona  with 
the  fcoe-lon  value  there  appears  to  be  no  simple  corcelnclon,  and  (e) 
where  more  Chao  ooe  unpaired  electron  la  preaeoL  In  the 


sample,  several  absorpcloa  peaks  v 
(er  none  ec  all),  ^ese 


differenc  s-faceorH  ma 
clearly  Imply  ckac  c 
I quite  aignilicant,  . 

quently,  chat  the  energy  ol 
place  is  being  altered.  It  therefore  becoaes  neceasary  to  consider 
these  energy  levels  are  Influenced  when  pacacoagneclc  apeclea  are  pla 

An  electron  spin  resonance  spectrum  is  generally  a rather  coapl 
affair,  with  lines  due  to  different  electronic  transitions  which  may 
further  divided  into  additional  groups  of  lines  by  interaction  with  . 
nuclear  eagneclc  moment.  The  data  ere  usually  rendered  mesningful  b: 
resorting  to  the  theories  o 


quantum  mechanics  and  thereby  describing 


and  Pryce  [dS] 
operator,  . It  la  by  far  the  moat  uael 

available  to  the  ESR  spsccroscoplst.  The  theory 
has  been  crested  in  exhaustive  detail  In  a large 


been  described  td^] 
;e  during  Che  long  trek  from  the  fuudanencal 
Che  experimental  lines  observed  with  the 
Hamiltonian  use  devised  Intclally  by  Abragam 
ind  is  a particular  part  of  the  overall  Hamiltoalan 
■t  la  by  far  the  most  useful  mathamatlcaZ  tool 

In  Hamiltonian 


texts  on  the  subject  [38-44, 66-80] . 
work  to  crest  Che  subject  thoroughly, 
general  case  and  the  specific  form  of 
Che  present  studies  will  be  given  as  sn  Introduction 
consideration  of  the  HbO  ESR  spectrum. 

ie  ESR  specccuffl  observed  under  varying 


s beyond  the  scope  of  the  praaenc 

general  case  applicable  to 
detailed 


I uolesA  64oe  Blnple  incorpreca- 
D expraaaed  coovenclonaLl; 
of  tba  prevlouBly  isen- 


oC  data,  which  Is  doc  particularly  ui 
tlon  can  be  found,  the  scats  of  affairs  hi 
fcon  quantum  BSchanlcal  conBlderacloas  in 
tlonsd  Bamllconisa.  which  is  an  operator  Chat  operates  upon  a wave- 
fonetlon.  Uhen  applied  to  the  uavefunctlon  deactlhlng  a partleular 
ayscen,  the  HaBtltonian  generates  the  perailctod  eoergy  levels  of  chat 
aysCem.  While  the  general  Haeilconian  of  a syscen  concalna  oany  terms 
and  is  thoroughly  complex,  Che  spin  Hsmlltoolan  useful  for  the  purposes 
of  esa  Inueatlgaciona  will  contain  relatively  few  tenaa-  The  advantage 
of  Che  spin  HaBklltonian  is  that  a complete  description  of  the  experimental 
data  can  be  pteaenced  by  giving  the  aize  of  cbe  coefflcleats  of  theaa 
cerma,  together  with  the  directions  of  the  appropriate  axes  relative 
to  Che  syoBitecry  axes  of  Che  paramagnetic  sample  when  aniaotropy  is  present. 

Tho  General  Hamiltonian 

The  complete  Bamlltoniam  of  e free  peramagnetlc  entity  represents 
Che  total  energy  of  the  system  and  may  be  considered  as  the  sum  of  all 
energy  concribuciona.  The  relative  magnlcudee  of  these  energy  contrlbu* 
clone  extend  over  roughly  nine  orders  of  magnitude.  Clearly,  some  con- 
more  Important  chan  others;  moreover,  only  a selected 
need  be  conalderad  explicitly  In  ESR  studies.  Ropresencing  Che  coo- 


given  by  Eq . (13),  I 


d Che  cleecroQ-eleccron  repuleloa. 


nucleus,  Z ie  Che  nuclesr  cherge,  a 
and  eleccruns.  The  ceres  are  s 


Ca  Ics  dlscence  fcoa  the 

L eleccroDS  end  yield 

sen  Spin  angular 
9 considered.  Sspacscions  are 

Cher  chan  che  louesc.  Alchough 
s Che  overall  Hanllconian,  (H^) 

I Che  aplo  haollconlan. 
pocenclal  energy  arising  from 


usually  by  far  che  nsec  doainanc  Cera  1 

the  eleccroscaclc  field  of  neighboring 
ecslly  called  che  crystal  (or  ligand)  field  end  is  given  by 

where  VCr^)  la  che  eleccroscaclc  potential  ec  che  parsangnetic  entity  w: 
whleb  each  electron  Interacts.  This  term  plays  a major  role  In  the  scuc 
of  single  crystals,  particularly  chose  of  the  cranslclon  metal  group, 
and  usually  baa  a magnitude  on  che  order  of  10^  ca”^  (i  10*^^  erg  ■ 10 
Iccal/mole) . 


ij  ^ 

bit  coupling  InCecacclon  ai 


(15) 


coupling 


- lo’  ..-1  10-^  - 10-15  , j^-1  . ^ 


"•4>»p  - I * gj,)  - 


d Lh„  . H. 


“s' op  Inwraccion  betueen  the  alecEron  sngulai  m 

la  cuclaar  apln.  IE  may  be  wrlEcen  as 


■ J “Ji 


le  genaral  Inacoace,  whete  J 
■Cum  of  tha  eleccroo,  I 


1 (spin  plus  orbital)  angular 


kcal/mole).  Iha  nuclear  hyperflne  Jncaractlon  Is  Invariably  traatad  as 
tbs  sum  of  an  inlsoCroplc  part  and  an  isotropic  part  in  Che  spin  HamllterBlan 
as  given  lo  gqs.  (20): 


■ (8n/3)g^8,g^0^|j,^(O)|* 


S-r)(f-r)/r’)  . (20a) 

(20b) 


Here  g^  and  g^^  are  the  elictronle  ond  nuclear  g-lactora,  respectively, 

and  8^  (•  5.050951  x 10  erg/G)  are  the  electronic  and  nuclear  magnac- 
ic  nonanes,  respectively,  r is  che  distance  between  electron  and  ouclaua, 
l^^(0)[  la  Che  unpaired  spin  density  at  nucleus  N,  and  the  same 
la  applied  as  In  Eq.  (16).  These  Intaracclons  will  be  created  li 

la  called  che  nuclear  Teaman  teret  and  reprasence  Che 
action  between  che  nuclear  spin  and  che  excernal  field: 


- ! ■*',  ■ 


be  neglected  escape  1: 
hyperfine  Interaction. 


0 kcal/mole)  and  for  ESk  spectroscopy  can  usually 
considering  second-order  effects  in  the  nuclear 
Of  course,  in  KhR  spectroscopy,  this  Tecaao  cene 


.9  flxereneLy 


p r«pre«eat9  nuclear  electric  (juadrupgle  inceracctona  and  la  of 
10  10  Co  (-  10  - 10  erg  - 10  ^ - 10  ^ keal/oole): 

'Vop  ■ + D)  I <1(1  + l)/r^ 

- 3<;  • i)*/r’}  . 


C22) 


.9  the  electric  ijuadrupole  ooiienc  of  the  nucleoa. 
id  again  the  criterion  of  Eij,  (16)  appllea. 


e Bpln  Hanlltonlan 


General  Caee 


■arlous  terms  In  cbe  general  Hamiltonian.  (Hj)  , (h^) 
volve  too  much  eoergy  for  encltatlcm  by  ESR.  However, 
"e'op  energies  ideally  suited  to  existing 

are  coneeqoently  the  main  concern  of  ESR  spectroscopy, 
e frequently  coo  amall  to  be  observed  In  the  presence 


le  electronic  Zeeman  ti 


although  they  are  Important  !■ 


effects  In  the  nuclear  hyperflne  interaction. 

:he  lowest  group  of  energy  levels,  that  la.  the  onea  between  which 
transitions  are  Induced,  depends  in  a complicated  way  on  the 

the  crenaltlon  group  le  being  considered),  the  sysssetry 
crystalUce  field,  the  epin-orblt  coupling,  and  other 
hyperflne  Interattlon  botween  electrons  and  nucleus. 
However,  these  energy  levels,  and  the  experimental  spin  resonance  data 
obtained  frcmi  them,  can  be  deacrlbvd  by  the  use  of  a apto  Homlltonlan  in 
a fairly  simple  wey  that  requires  no  detailed  knowledge  of  the  above 


and  strength  of 


effects.  CalculsclDns  wlcli 
with  a spin  HanUtonian.  Th 


;otal  KoailEonlan  are  very  difficult  acd 
i more  likely  letersetlona  is  performed 


[a  utilized  f 


te  experloenfal  re- 
'fleld  splitclnBs 

!d  experlj&aacally  and  then  fitted  to  modele  with  the  aid  of 
the  spin  Hamlltoolen.  Aa  a result,  reportlns  the  peranececs  in  a standard 
torn  BiDpllfles  coemuoication  and  aide  the  search  for  suitable  models. 

The  ground  state  of  a paramagoetie  entity  frequently  conslsto  of  a 
group  of  electronic  levels  uhoae  separation  Is  a few  cm”^  or  lass  while 
all  the  other  electronic  levels  lie  considerably  higher.  Ihe  behavior  of 
this  group  can  be  represented  by  deflnlog  an  "effective"  spin  S such 


ordinary  spin  nultlplet.  It  la  further  required  that  the  aacrlx 
between  the  various  states  determined  by  the  full  Bamlltonian  thi 
'^bbcribes  the  system  be  proportional  to  those  of  the  effective  s| 
la  then  possible  to  describe  the  behavior  of  this  group  of  level) 
spin  Hemiltonlan  involving  Juat  the  effective  spi 

interactions  are  present,  the  nuclear  spins.  In  other  words,  by  conven- 
tion, S in  the  spin  hanlltonlan  is  assigned  a value  that  makes  the  ob- 
served number  of  energy  levels  equal  to  2S  + 1.  Since  In  spin  systems 
where  only  the  lower  energy  levels  are  Inhabited,  the  higher  levels  will 
cot  be  detected  esperlmentally,  the  value  of  5 determined  from  the  2S  + : 
observed  levels  corresponds  to  s fictitious  state.  As  a result,  g laay 
vary  considerably  from  the  Uinde  g-factot  |72,73]  given  by  Eq.  (23), 

t - I * U(J+1)  + g(sel)  - La+l)l/2J(J+l)  . (23) 


:e  Uiid«  g-factor.  of  course,  glvas  tho  aplltclng  betueon  smlclplet 
vela  In  the  case  of  Rucsell-Saundete  coupling  and  uae  originally  deduced 


! shown  that  Che  behavior  of  a spin 
.n  Hacaltotilan,  and  thee  the  apllttlcg. 

- and  eecond-order  perturbation  theory, 
is  Ignored  and 


by  Lsnde  in  the  study  of  acoo 
Abragas  and  Pryce  [6b]  h 
syscea  can  be  described  by  a 
which  may  be  calculated  by  fl 
is  precisely  the  same  as  If  the  orbital  angular  lu 
Its  affect  replaced  by  an  anisotropic  coupling  bet 
spin  and  the  external  oiagnecle  field.  In  other  words,  the  effect  of  an 
on  Che  energy  levels  of  paraaagnecic  speclea. 

It  the  crystal  field  end  spin-orbit  coupling,  oen 
■ g-factors  which  have  the  aane  symniecry  as  the 

nonlinear  nolecule  with  an  orhltally  degenerate 


external  oagnetic 


Jahn-Teller  distortion  chs  syatea  assuEoes  axial 
aymietry,  values  of  g| | and  gj^  are  found  which  correspond  to  application 
of  the  magnetic  field  parallel  and  perpendicular  to  the  axis  of  distortion, 
roepectlvely.  If  no  such  sueenecry  exists,  the  g-factor  must  he  expressed 
in  terms  of  g^  i>  i g^^,  corresponding  to  three  mutually  perpendicular 
directions  of  the  external  field.  This  means  that  Che  tens  (H  ) 

^’’I'op’  ^Vop'  ^”4*op  fhplsusd  by  a single  term  6^5  • g • S. 

where  for  an  arbitrary  set  (x,y,a)  of  ortliogonal  axes, 


Hanilton Lan 


8plH'8pln  iRCeracCloRS,  A 1$  Che  nucleec  hyperfCne  censer,  Q Is  Che 
ijuadrupole  tensor,  end  Is  the  nuclear  g-cenaoc. 


+ 0(5*  - C1/3)S(S+  IJI 
♦ Q'H*  - (1/3)1(I  * 1)1  - i , (26) 
where  the  a-oxla  Is  to  be  Identified  wlch  the  lymecry  axis.  Equation  (26 
la  thus  Che  fona  of  the  spin  Hamiltonian  applicable  Co  the  case  of  the 
axially  aynmetrlc  NbO  molacule.  Considering  nuclear  electric  quadrupole 
and  nuclear  Zeeman  interactions  to  be  negligible  for  the  present  time. 


^**ipin^op  " ®i|^e**8®a  * ®J_^e^^x^x  ^ **y^y^ 


‘a  * l^x^x  * 


+ D(S*  - (1/3)1(I  + 1)1  . 


applied  magnetic 


g-faccor  of  an  axially  symmetric  llneer  molecule 


perpendicular 


lined  up.  nn  far  example  In  a single  eryecal, 
observed  [Ignoring  any  byperflno  Intaractlooe)  first 
t a magnetic  field  Hj  | - hv/gj  | and  then  finally  at  - hv/gj^B^ 

B B varied  from  0"  to  90"  for  a fixed  spectrometer  operating  frequency 
. On  the  other  hand,  if  the  molecule  is  rapidly  and  freely  rotating, 
le  anisotropy  in  Che  g-faccor  le  averaged  out  and  one  line  will  he 
jserved  at  a magnetic  field  8,  ■ hu/g  fi  , where 


(*ll  *21^)/: 


(29) 


Hhat  sort  of  spactrum  will  be  observed  If  the  molecolas  are  randomly 
oriented  but  rigidly  held,  as  in  a solid  matrix?  The  spectrum  le  expected 
to  be  independent  of  the  angle  chat  Che  magneclc  field  makes  with  the 
solid  sample.  The  problem  was  first  treated  by  Bleaney  (81, &2]  and 
Sands  [83]  and  later  by  many  othera  [27,a4'951. 

Por 8' molecules  randomly  oriented  with  respect  to  Che  direction  of 
the  applied  magnetic  field,  Che  nusiber  of  molecules  dh  within  the  angle 


dN  - (M72)sln0d8  , (J0> 

lore  8 ia  Che  angle  measured  from  the  magnetic  field  direction.  In  the 
;B  spectrum  the  absorption  Intensity  as  a function  of  9 la  proportional 
i Che  oumbsr  of  molecules  dN  lying  between  0 and  9 + d9  (aasumlng  the 

n probability  Is  orlencscion  independent).  The  g-fsecor  varies 

c magnetic  field  Is  given  by 


- .Jr>'>d, . 


■II  • 


-•il 


id«/dHi . (KV2)(^  ,Mr«K.oH,„ 


“II  ■ '»i.<.W*]|>  - ‘►'.*||/*||V 
“i  ■ <*i.o“i«/*])  - t«.A  /*jV  . 


H^tn  |dK/dU| 


- 1/2 


Is  also  nuclear  hyperflne  Interaction  I 
pattema  of  Che  type  In  Flgurea  6a  and 
cterns  did  not  overlap  and 


!n  a aupecposlEIon  of 
ipeceruQ  la  relatively 


almple.  If  overlap  doea  occur,  the  total  abaorpctoa  curve  and  Ita  firac 
derivative  will  be  more  complicated  and  Che  observed  spectrum  may  be 
difficult  CO  Interpret  In  terms  of  Eqa.  <37)  and  (38).  Then  the  beat 
approach  la  to  solve  these  equaclona  by  computer  technlquea  for  a trial 
sac  of  mascecic  parameters  g and  A at  the  empeclmeacal  frequency  u tor 
B - 0 to  90"  and  have  Che  absorpcioo  and  lea  first  derivative  plotted 
aa  a funcClon  of  H.  It  Is  Chen  possible  Co  compare  the  plotted  spectrum 
with  Che  observed  apectrum  and  alter  the  pnrametera  until  a perfect  fie 
la  obtained.  Several  such  computer  programs  can  be  found  In  the  lltera- 


■e  (27.3 


12-95). 


n.m.)  has  a spin  1 ■ 9/2,  It  la  expected  chat  the  ESR  spectrum  of  random 
oriented  linear  NbO  ooleculea  will  exhibit  In  the  general  caaa  a hypar- 
fine  splltclng  Into  can  perpendicular  and  ten  parallel  llnsa  in  accord 
with  the  uBuol  axial  spin  Uamlltonlan  ss  given  in  Eq.  (27).  The  ESR  spec 
era  obeerved  when  a alxtuce  of  Kb  metal  powder  and  NbjOj  wae  vaporieed 
from  a reslstaace-heated  tungsten  toll  and  deposited  In  Xe  ond  Ac  matrlci 
at  4*K  are  shown  In  Figure  7 and  Figure  8,  respectively.  Although  the 
expected  hyperflno  pattern  Is  not  observed,  analysis  of  the  apectrum 
reveals  chat  chU  ia  esaantlally  a roaiilt  of  cha  large  magnitude  of  Che 


■e  principal  features  oi 


Nb“0 : Ne  4“K 


spllcterlns  paroaecar,  D, 


n Hamiltonian  of  E 


Cooaldaraflon  oi 


le  grouod  alectronlc  ct 


Kaaai  [1]  has  diaoussad  Che  eft 
flguratioD  of  VO,  and  hence  the  iaoeleccroolc  KbO,  haa  upon  the  g-cenaor 
of  the  Bolecule.  In  particular,  the  g-tanaor  expected  for  a ground 
atate,  an  alternative  poaalbiltcy  [9],  ia  quite  diatinec  from  that  of  a 
laid  apLltcing  parameter.  In  conalderlng 
acheoe  for  the  velence  electrons  of  MhO, 
a found  chat  atx  of  the  nine  valence  electrons  fill  the  lowest 
d 1 bonding  orbitals.  The  remaining  three  valence  electrons  would 
the  nonbondtng  o end/or  6 orbitals  ii 
Che  relative  poaiclons  of  these  orbl 
o6  . Caaea  <e)  end  (hi  correspond  to 


d ordinarily  li 


a expected  ii 


The  6 orbital  is  aasentially  a nonhonding  IdS  orbital  of  Che  Nb  atom. 
The  apln-orblt  incerecrlon  (IL-S)  removes  the  twofold  orbital  degeneracy 
of  this  level  and  produces  two  Kraaer'a  doublets  eeparated  by  21,  Kramer', 
clteorem  deela  with  rescricclona  to  the  amount  of  degcoeracy  wlilch  can  be 
removed  by  a purely  aleccrostatlc  field.  If  the  eyatem  eoncaina  an  odd 


r's  doublet,  which 


MS  Of  \i.-in>  \-2.-nn>.  F=r 


*11  ■ * 2S,|U>  • -2<vlL,  + 2Sjv>  . (60», 

gj^.2<ML^  + 2SjxP  . (40M 


*11  ’ 

*i- 

S|,-ad2..i/; 

- 2<2,+U2|L,  + 2S^|-2.-l/2>  . 0.0 


'Z  Ground  State 


le  C=)  t 


EiUed  (cr«^),  Che  g-tensor 
:o  chAC  of  a free  eleccren. 
;e  dlfferenc  fron  chec  of 
T"  l>[Sj  - (1/3)SCS  + 1)1 


1b  OBpecced  to  be  nearly  laocropic  a 
Hoifover,  the  "apparent"  g-cenaor  cou 
a free  elacccon  IE  the  eoocrlbuclon  > 
in  Eq.  (27)  donlnatea  the  effacte  of  the  other  ceroLS.  ThI#  tern  repre- 
aencB  the  epln-spln  Interacclon  of  the  type  i-S  In  an  anlally  eyisMCrlc 
envIcOMienc.  It  can  be  expected  to  be  rather  Urge  for  a ayacea  olth 
S • 3/2  that  la  conElned  within  the  anall  voluae  of  a diatonic  nolecole. 

If  the  y-axla  ta  arbitrarily  choaen  to  be  perpendicular  to  the  applied 
field  H,  then  - 0.  Segleeclng  nuclear  hyperflna  lotoraction,  the  spin 
Haallconlan  in  Ei;.  (27)  can  be  written  then  ae 


♦ »[s|  - (1/3)S(S  * 1)1  . {43) 

Taking  the  spin  basis  functions  |>Ig>  as  |+3/2>,  l«/2>.  |-l/2>,  and 
|-3/2>.  it  Is  possible  to  derive  the  apptoprlete  spin  energy  elgenmatrix. 
where  the  only  nonuanishing  eatrlx  elements  for  the  operator  in  Eg.  (43) 


^slSslV-«S 

s'|H  > • (5(51-1)  - M (H  • 


«s  . 13/2: 


«S 


» 130]. 


Che  aisgnlciide  of 
cea  be  obcelned  for  any 

aeglecced.  The  lesulca, 


observable  ec  4*K. 
of  a E Bolecule  la  determined  by 
! expected  cranattlona  for  5 ■ 3/2 
value  of  D by  aolvln*  the  4 x 4 matrix  from  Che 
(43),  where  nuclear  hyperflne  interaccloos  ere 
In  Che  form  of  "apparent"  g-values  at  which 


, plotted  VI 


0/8,6 


allowed  transltlona 
shown  In  risure  ?.  Ae  can  be  seen  fi 
Cions  - +1/2— . -1/2  appear  n. 
of  D,  aod  at  lew  D values,  a crlplec 

The  effective  Spin  Maalltnnlao  for  ct 


If  It  is  osaimed  chat  the  ground  etat 
by  the  configuration  aod  Chet  the  zero 
represented  by  Che  last  term  In  E<i.  (27)  1 
Zeeman  term,  gS,H-S,  or  Che  hyperflne  term,  AI-S.  then  the  apln  Hamil- 
tonian of  Eq.  (27)  may  be  rewritten  to  give  an  effective  spin  Hamiltonian, 

+1/2— Hg  . -1/2. 


MbO  la  E (S  - 3/2)  given 
d fine  ecructure  splitting 
h larger  than  either  the 


8q.  (49),  for  cl 


1/2.  Following  a procedure  f 
n Hamiltonian  io  Eq.  (49)  enn 


? reecrsngnd  to  give 


h5  spln-BpIii  coupling  parnmncer  D/g^S 
c trBtiBlclonp  wlEh  cti«  nngnecic  fielS 
>;  (loccod  Llni>8  with 


*(A^/2H(A||  .«MHlV.lV) 

- (Aj^/2)[(A||  - A)/A]  UV+I-S-) 


■ .||..A  . 


* iaa  " given  [1],  and  by  an  eaclinacc  of  the  hyper* 

fine  anlBOtropy.  Nuclear  electric  cuadrupolc  and  nuclear  Zeeman  effecra 
were  neglected.  The  Initial  values  chosen  were  g..  - g,  - 2 0 
A (93^,  . jj-n  93  I ' i ' 

||(  ) - 1800  MHz.  and  Aj^(  Nb)  • 1950  mhj,  only  the  parallel  (6  • 0‘J 

and  perpendicular  (fl  - 90*>  energy  levels  and  tranalcione  at  X-bend 
freguency  (V  ■ 9.4  GHi)  were  Initially  eonaldered. 

Analytical  Conetderatlona 

coneideratlon  of  the  epic  operators  in  Eq.  (50)  shows  that  the  only 
nonvaalahlng  macrlM  elenenta  are  of  the  type 

'”s-"ilVz'"s-V«s»i  • tSlb) 

<Hg  = I.  «ilVxl«S'V  ■ <«s  -*  1-  «llV'l  W 

-HjtS(S4-l>  -MjCMj  • l)jl/2  , (51..J 

<Mj  t 1,  Bj  t l[l*S-|Mj,Kj>  . [SCS  + 1) 

- MglHj  1 1)]^'*[I(I  + 1)  - MjCMj  I 1)J^^*,  (51d) 

<«S  ± 1,  Nj  ; 1[iV|Hj,  «j>  . [S(S  + 1) 

- Ms<«s  * e u - HjCM,  t l)j‘'^  (51e) 


n Eq,  (51c)  V 


■ narrtx  elementa  of 
o the  alnBcoaO  term  In  Eq,  (SO). 

■ • 0*  the  eigenvalue  matrix  from  Eq.  (50)  c 
the  magnetic  field 


given  by  [3] 


H(Kj)  - a||{l  4[H^  - Id  ♦ 1)]X  + 


(32) 


>e  generaced  1 


X-4(Aj^/8||B,)='/[4K^|  - (A||/8||S^)- 
1 alerug  ICS  axis  of  quoAClzscion. 

For  fl  ■ 90  Che  20  x 20  spin  Ksollconian  macrlx  can 
crldls8onsl  form  and  a continued  fcactloo  nechod  oay  be  used  to  obc, 
a reasonably  accurate  expression  for  its  eigenvalues  [3,97J,  Use  o. 

(52)  and  a contlnoed  fraction  expression,  cosecher  vich  a careful  cc 
sideratlon  of  the  observed  spectcui.  Initially  indicated  chat  the  4: 
and  3049.3  G lines  In  Che  ESR  specCrua  of  MhO  Isolated  In  an  Ne  sat) 
could  be  assigned  as  cha  H,  • -9/2  perpendicular  and  parallel  c 
respectively,  uhere  both  Aj | and  are  assumed  to  be  positive;  sx,reove. 
the  observed  lineshapes  are  In  agreenent  with  those  expected  for  these 
tranaiclona  in  a sample  containing  randomly  oriented  molecules  (sea 
Flguce  d).  These  Initial  coneideracions  also  indicated  that  the  2788  0 
e Iloe  could  probably  be  assigned  as  Che  Bj  • -7/2  perpendicular  line. 
Unfortunately,  the  continued  fraction  method  did  not  allow  a suitably 

Id.  (50)  involved  solving  the  20  x 20  spin  Hamiltonian  matrix  exactly. 
Exact  Calculations 


The  Initial  estimates  of  Che  g- 
' 20  X 20  spin  HsmlLConlan  matrix  f 
for  parallel  a 


Qd  A-values  were  used  to  generace 
c the  observed  msgnetlc  field  posi- 
i perpendicular  orientations  of 


the  field  with  respect  tc  the  molecular  axis.  Tlie  eigcnmatrlx  was  then 
dlagoneliaed  by  computer  methods  and  the  elgcuvalucs  end  clganvactors 
obtained.  A detailed  explanation  of  the  computet  program  wrlcceo  to  Ir 


Che  epeciflc  use  of  the  KbO  molecule  is  given  in  appendix  B.  The 
cedure  used  co  refine  the  magnecle  paremecers  Involved  a series  of 
culeclons  dlagonallslng  the  spin  HaBtlconlan  matrix  and  ualng  an  ii 
tlve  method  to  arrive  at  A| | and  Aj^  valueo  which  were  consistent  w; 
the  two  observed  Mj  - -9/2  Unas  for  asaued  valnu  of  g,  and  g. , 


:n  detamlned  by  requiring  Che  e: 
It  Che  ■ -7/2  perpendicular  1: 


t ulculatloDS 


le  magnetic  paramaters  fi 


le  uncertalntlea  in  the  m 


■d  magnetic  field  positions  of  the  observed 
were  measured  by  extrapolation  and  have 


t.  excluding 


Id  an  expanded  ai 


181,  CHj  [9D],  HOj  [1001,  , 
)f  wenkec  coreponeata.  Thli 


>B8  [32,331. 


U.  Alao  Bhown  in  Chase  flgnrea  are  Che  effaces  observed  whao  che 
sapphlra  rod  is  cumed  Co  differenC  orlencatlons,  o,  la  che  applied 
magneclc  field,  where  a la  che  angle  becuean  che  sapphire  rod  surface 
and  che  Mgneclc  field  dlrecclon.  Variations  of  llaeshape  with  a Indl- 
caCe  nonrandoB  otlencatloDs  of  Bolecules  In  che  aaCrlcea  and  alao  help 
Co  differenclace  beeween  multiple  sites.  An  example  of  linear  molecules 
oriented  In  a matrix  with  their  axes  parallel  to  the  flac  surface  of  che 
aapphlre  rod  la  ahown  In  Figure  12.  The  extra  line  appearing  In  each 
region  In  Figure  10  when  a • 90'  Is  attributed  Co  oriented  salecolea  in 
an  He  matrix  site  different  from  che  sites  giving  rise  to  the  other 
lines.  In  the  following  discussion  an  account  will  he  given  of  the  shape 


weaker  lines  throughout  the  spectrum. 


Angular  Dependence  of  the  Soeecruni 


positions  ace  strongly  dependenc 
and  che  syasneCry  axis  of  the  mole 
levels  between  which  tcanalclons 
e.  From  E().  (34)  It  Is  seen  that 
absorption  depend  on  dN/dd  but 


) through  [39)  that  che  resonant  field 
on  9,  che  angle  between  che  applied  field 
Bculo.  This  Implies  that  che  energy 
sre  caking  place  are  alsn  dependent  on 
c not  only  doen  che  intensity  of  che 
Iso  on  dO/dH  end  che  litter  quantity 


:oT7X^ 

-01.^. 


Nb*0:  Ne  4^K 


A.iptihlre  rod  surface  ia  oriented  ai 


Nb't)  : Ar4°K 


M/>gb)  = -7/2  M,f^b)=-9/2 
[SCALE  I 

IsOG  I 


ESS  speciraa  of  XbO  Isolated  Ir.  an  At  tnacrix  at  4 X.  llio 
sappMre  rou  aurfaca  in  oriented  at  the  angle  a to  tSe 

perpendlcuLac  line  at  27E6.3  C and  the  -9/2  perpendicular 


ofcea  Is  s major  contributor  to  cho  absorption  Intenatty.  Plots  of  8 
versus  H are  then  cstremely  useful  In  tncerpcerlns  an  observed  ESB 
apectrum  since  lines  are  enpectcd  to  appear  at  fields  oorrespondlng  to 
large  values  of  d6/dH.  The  olaaalc  paper  treating  the  angular  depen- 

oatry  Is  that  of  Bleaney  f82).  Similar  results  vere  obtained  by  Nelman 
and  Klvalaon  [89]  and  their  results  were  extended  to  Include  Lornntalan 
or  Sausalao  llneshapes  1101]  and  rhombic  distortions  [88],  Eolloan  and 
Chan  [951  generalised  the  results  of  Bleaney  [821  to  Include  quadrupole 
effects  and  effects  second-order  In  the  nuclear  hyperfine  1 


Id  Quancuai  Huabers 


In  addition  to  the  Important  effects  of  the  angular  dependency,  the 
hyperfine  Interaction  depends  on  the  strength  of  Che  external  field.  In 
sero  field  or  in  the  presence  of  a very  weak  external  field  corresponding 
to  a wesk-fleld  laeicaa  effect,  i and  I are  tightly  coupled  and  Che  direc- 
tion of  quanclcaclon  Is  Chat  of  f,  their  resultant  (F  • I + S) . F takes 
all  values  fcom  F to  -F,  indicated  by  the  quantum  number  Hp.  There  are 
Chen  2P  + 1 levels.  As  the  acrengch  of  the  external  magnetic  field  H 
la  Increased.  Che  coupllcg  becuean  I and  S Is  progressively  broken  down 
until  both  are  independently  quantised  along  the  direction  of  8.  F la 
Chen  no  longer  s "good''  quanrum  number  and  is  replaced  by  and  M . 
Vector  diagrams  lUustracIng  tbs  two  cases  are  shovn  in  Figure  13.  It 
Is  thua  possible  to  characcerlxa  the  hyperfine  levels  by  spin  basis  func- 
tions either  in  terms  of  Hp,  chat  Is,  the  eigenfunctions  |Hp>,  or  in 
terms  of  Hj  and  flj , using  the  eigenfunctions  |>Ij,  Hj>.  A paccltular 
hyperfine  level  can  be  completely  characcerleed  by  the  quantum  numbers 
Mj  and  M|  (or  Hp)  as  long  as  the  spin  basts  fuactlon  describing  the 


Coupling  of  n>iclear  »p^r  jciv''lar 


le  foregoing  It  ia  evident  chat  chla  matrix  eleieenc  Is  nonieto 
. M ■ H 1 1,  yielding  che  selection  rule  for  magnetic  dipolar 
^ 11,  where  M can  be  or  M-  according  to  the 

states  defined  by  |m>.  In  considering  transitions  between  hyperflne 
levels.  It  la  only  necessary  to  note  that  the  transition  probability  1 
proportional  to  I <«■  moreover,  calculation  of  this  (loantlty 

auffices  for  a comparlaon  with  a fully  allowed  E 

Hlxlnn  of  the  Spin  Baela  Functiena 


Having  determined  che  g-  and  A-tenaors  for  KbO,  It  remains  to  prove 
chat  che  other  lines  In  the  spectrum  ate  attributable  to  SbO. 

A careful  analysis  of  che  observed  spectrum  Indicated  that  the 
‘ parallel  line  at  5049,5  G (eee  Figure  7)  la  che  only  line  ohaerved 
that  Is  clearly  attributable  to  a parallel  craosicloo.  This  Is  not 
Burprlsing  since  use  of  E,.  (52)  for  the  potellel  reeonsoc  field  posi- 
tions lodicsces  thee  for  the  g-  and  A-valuae  derluad  above.  It  Is  only 
for  che  Mj  = -9/2  parellol  transition  chat  a real  eolutlon  to  Eq.  (52) 
occurs  at  X-band  frequencies.  In  ocher  words,  che  hyperflne  apllcting 
mly  one  of  the  expected  ten  parallel  tranaltlona  is 
experimental  apactrooeter  feequaney.  It  la  thus  ax- 
me  parallel  Craneltlon  he  obaerved  and  Indeed  only  one 
I Been  experimentally. 

dependence  similar  to  chat  of  the  278B.G  (Hj  ■ -7/2)  and  4192  7 G 
{M,  - -9/2)  perpendicular  Unoe.  Therefore,  it  wee  initially  thought 
that  this  line  night  be  che  Mj  • -5/2  perpendicular  line.  Although  an 
exact  calculation  docs  predict  a perpendicular 


pacCed  chat  onl] 
such  transition 


really  be  labeled  as  an  Mj  - -5/2  Una  beeaa.e  extensive  mlxln*  af  the 
acrong-fteld  apln  basla  funcclnne  oecure. 

In  the  event  of  euch  alxlng,  the  1^^  hyperfine  level  la  essocinted 
with  a apin  function  which  can  be  approxlnnted  aa  e linear  conblna- 
tion  of  "pure"  apIn  beela  fooctions,  characterlied  by  Kj  and 


Hj  valuea  appropriate  to  the 


In  E,.  (57)  the 


le  eigenvectora  aasoelaced  with  the  eigenvalue 
n Che  preceding  section, 
h atatee  is  proportional 


probability  becveen  tt 


I'l  'i*ll®atl 

* ♦j(«8  ± l.Mj).  - (J  CjCj)*  for 

= • (58) 

A calculation  of  the  aatrlx  eleoeota  of  £((.  (58)  for  the  1411. S G line 
lodlcatea  that  thle  perpendicular  transition  has  a transition  probability 
that  Is  70  percent  relative  Co  a fully  allowed  BS8  ti 
nixing  of  spin  acaces  is  aoconpllshed  by  cho  effects  o 
Eqs.  (Sic),  (51d),  and  (51e),  all  of  which  mix  ececes  connected  by 
“ 11.  These  operators,  that  la,  I S , I's",  and  I*S",  are  all  seen  in 
Eq.  (50)  CO  be  preceded  by  factors  dependent  on  the  A-tenaor  valuea. 
Clearly,  the  larger  the  A-tenaor,  the  eora  significant  these  off-diagonal 

I A^  would  be  expected  to  contribute  considerably  to 


A thorough  ecaiBlnuElon  of  the  eigenvectors  obtaloed  in  the  celcula- 
is  showed  that  nOxlng  of  the  spin  heals  functions  is  not  limited  to 
WOO  C line.  Indeed,  niging  occurs  even  for  Che  Mj  . -9/2  parallel 
perpendicular  Unas  end  for  the  Hj  - -7/2  perpendicular  line,  el- 

*per,  and  lover, 


ajcample  of  thia.  the  wavefunctlona  for  the  uppi 
elACea  for  the  Craosiclons  thus  far  considered 
writing  Che  expanded  foxies  of  V and  only  tt 
ace  retained  whose  eigenvectors  arc  of 
as  Che  largest  eigenvector  in  each  case. 


e snoe  order  of  eagnicude 


- -0. 119511/2, -5/2>  - 

- 0.946l|l/2,-9/2>  , 

j - 0.1O77]-l/2,-5/2>  + 


-9912|-l/2,-9/; 


(S9h) 


in  this  case  S [l/2,-9/2>  and  S |-l/2.-9/2>.  the  4192,7  0 
s indeed  correctly  considered  to  be  Che  Rj  . -9/2  perpendicular 
ansltlon.  For  6 - 0*  and  H - 5049.5  C (Hj  - -9/2)  che  upper  and 


■ -0. 43601-1/2, -7/2>  - 0,8999]l/2,-9/2>. 
Vj  • 1. 00001-1/2, -9/2>  , 


comes  closeec  to  being  a fully  allowed,  "pute" 

Nj>  ES8  crunalcion  between  any  two  liyperflne  levoln  of  an 


or  an  e matrix.  From  tha  seta  of  eiganvalues  and  nigetivactora  chui 
obtainad  it  is  posslbla  to  ganarate  a typical  3 versus  reaonsdce  field 
plot,  which  is  axctemaly  useful  in  clearly  showing  the  origin  of  the 
matrix  spectrum  as  a eonaei]uence  of  increased  Intensity  at  Urge  values 
of  dB/dK.  The  parallel  and  perpendtcuUr  transitions  are  usually  quite 
evident  on  euch  a plot,  but  the  plot  may  also  show  that  "extra  lines" 
in  the  spectrua  result  from  angular  anoMly  effects.  The  exlatenca 
of  such  "extra  lines"  was  first  pointed  out  by  Nelman  and  Klveleon  [89] 
and  Cersmann  aod  Swalen  191].  On  the  8 versus  K plot  this  eiaply  means 
that  for  cetCaln  values  of  the  magnetic  pataoietors  and  quantum  numbers 
there  may  be  a place  where  d9/dH  approaches  Infinity  other  than  at  6 - 0* 
and  90  . Two  such  angular  anomalies  were  found  in  the  case  of  VO  13] 

Ceneretlna  the  6 Versus  H Curves 


Generation  of  8 versus  resonance  field  curves  for  the  present  wor 
was  straightforward  only  for  the  curve  that  could  be  identified  with 
• -9/2,  that  la,  the  curve  connecting  H - 4192.7  G at  6 ■ 90*  with 
B " 5049.5  G at  8 - 0*.  The  major  difficulty  arose  because  of  the  way 
eigenvalues  and  eigenvectors  were  designated  by  the  computer  program. 
The  spin  Hamiltonian  matrix  was  generated  by  the  program  end  the  form 
of  the  matrix  had  already  been  determined  by  the  earlier  ci 
tlon  expansion  considerations.  The  20  x 20  eigenmatrlx  ha< 


the  spin  bapis  fuDcclons  aad  are  given  by 

»1  - 11/2, 9/2>  . 

♦j  - |-l/2.7/2>  . 

■ |l/2,-7/2>  . 

♦lO  ■ |-l/2.-9/2>  , 

♦j,  • [-1/2.9/2.  , 

- |l/2,7/2>  , 


procedure  w. 


r CO  detercloe  . point  on  cho  B versus  H curve  Che  following 
s followed,  using  Che  curve  Idencifled  with  Che  H - -9/2 
s en  exeraple.  For  Che  derived  g-  end  A-values  and  a partic- 
ular value  of  9,  the  spin  Haollconlan  inacrlx  was  dlogonelleed  for  eeveral 
values  of  H within  the  field  range  AK  In  which  the  curve  wae  expected 
to  lie.  Pot  Che  Hj  - -9/2  transition,  Che  ahsorptlon  occurs  becween  Che 
levele  characterlaed  as  |-l/2,-9/2>  and  ■ |l/2  -9/2>  so  chat 

' +1  and  AHj  • 0 in  accord  with  the  selection  rules  for  an  allowed 
£SR  Cranalclon.  Then  for  s given  value  of  9 resonanoe  occurs  at  a fi  Id 
H where  the  difference  between  Che  eigenvalues  representing  and 
Chat  is,  and  equals  Che  observed  value  of  hv,  that  ia.  (hv) 

This  approach  worked  very  well  for  the  Bj  - -9/2  Cranaltlon  since 
and  were  essentially  "pure"  spin  acatea  for  all  values  of  B and  Che 
difference  always  correapooded  to  <hu)^jj^  at  the  proper  value 

of  K.  However,  doe  Co  Che  severe  edxlqg  of  the  spin  basis  functions  in 
cxisc  cases,  the  labeling  of  the  eigenvalues  by  the  coepoter  program  In 
terms  of  Mg  and  Mj  (oc  even  M^)  becomes  eseentially  moanlnglesa.  Consider 
Che  1400  G perpendicular  line.  If  chls  were  the  Mj  . -5/2  perpendicular 
line  then  che  lower  and  upper  states  would  be  characterlaed  by 

eelculatlons  would  show  chat  resonance 

^**'^^obe*  ^twever,  che  calculated  perpendicular  ri 
occurs  for  ” ^g  “ ^^'^^obs  correlation  ci 


s expected  cl 


ir  various  values  of 
o distinguish  any  meaningful  0 


extremely  difficult 


particular  point  depondad  very  strongly  on  cho  eigenvectors,  since  It  Is 
evident  tliat  the  transition  probability  is  extremely  Important,  chat  la. 
random  differences  becucon  eigenvalues  for  a given  e and  H can  Just  as 
well  produce  on  equality  to  between  levels  for  which  an  ESg 

traDSlclon  would  be  impossible  altogether. 

In  an  attempt  to  nltlgace  Che  effects  of  the  severe  mixing  of  Che 
spin  bssla  functions  the  computer  program  was  modified.  Considering  the 
absolute  value  of  the  difference  between  two  particular  eigenvalues  there 
are  190  unique  numerical  values  fot  Che  KbO  20  x 20  spin  matrix  (excluding 
the  20  values  ■ 0).  Thus,  after  diagonallzatlon  of  the  matrix. 

Che  program  would  calculate  and  print  these  190  uolque  dlffecences  ouch 

In  this  way  possible  resonaoce  positions  tor  various  values  of  6 would 
not  be  overlooked  due  to  "incorrect  labeling"  or  eigenveluea  with  « 
and  Hj  values  no  loeger  meaningful.  Even  so.  this  added  computational 
facility  did  not  alleviate  the  necessity  of  examining  the  eigenvectors. 

To  circumvent  this  complexity,  the  following  procedure  was  adopted. 
Plots  of  Che  20  liyperflne  energy  levels  versus  magnetic  f 
persd  by  plotting  the  20  energy  eigenvalues  I 


erg/lnch  on  the  ordinate.  Since  (hu)  • 
cepreseorlng  a sepacatlon  corresponding  co 
6-232  inches,  which  was  a quite  sufficient 
dividers.  It  was  possible  Co  estimate  the 
between  two  hypcrflne  levels 
Id  position  of  a particular 
len  be  determined  exactly  b' 


described.  Figure  14  gives  Che  ?.• 


en  plots  of  the  derived  energy  levt 
ec  0 ■ 90',  45*.  end  O',  and  shone  cloarly  the  strong  variation  with  0 
and  the  alxing  of  levels  at  these  intemedlace  fields.  The  solid  arrov 
in  Che  three  parts  of  Figure  14  indicate  the  "allowed'’  AMj  « 0 transi- 
tions, Chat  is.  Chose  with  the  largest  transition  probailllcles.  The 
eioat  incense  of  the  "forbidden"  transitions  4 0 or  ^ ±1)  are 
indltaced  by  the  dashed  arrows  in  Figure  14.  Use  of  this  graphical  tec 
nlijoe  Imitediacely  allowed  generation  of  a eoirplece  0 
field  plot,  as  shown  in  Figure  15.  The  "ellowed" 
indicated  by  solid  lines  and  "forbidden"  ttanaltlons  by  dashed  lines. 
Transition  probabllltlea  relative  Co  s fully  allowed  ESR  transition  ate 
given  in  Tables  H and  III  for  the  AH^  - 0 corves  of  Figure  15.  The  0 
versus  H curves  were  readily  generated  by  following  a transition  between 
the  saae  two  energy  levels  from  0'  to  90'  on  Che  energy  level  versus 
nagoetic  field  plots.  This  graphical  technique,  although  tedious  and 
tUsB-conaumlng,  allclnated  the  ptoblema  caused  by  "incorrect  lebellng" 
of  the  eigenveiuea  and  was  without  doubt 
solving  this  aspect  of  the  NbO  problan. 


It  expedient  m 


Incersrecatlon  n 


6 Vereua  H Curves 


Exsninatlon  of  Figure  15  clesrly  shows  tha  . -9/2  perpendicular 
and  parallel  resonances  at  4192.7  and  5049.5  C,  respectively,  as  a con- 
sequence of  increased  intensity  sc  large  valui 
anoMllBs  result  Iron  the  curve  Jalnlna  these 


. Also  clearly 


'2  perpendicular  11 


3 hyperfine 
is  0 oppcoBches 


8 possible  SI 


sootber  imtll  only  s single  trsnsl- 
he  looped  curve  Joining  the  points 
H " 2788.0  0 CO  ■ 90  ) end  H - 1411.5  C (6  ■ 90*)  lo  Figure  15,  Essmlne- 
Cton  of  this  curve  In  so  eirpended  scele  shows  en  Inflection  point  st 
epproxlaetely  70’  et  s Held  position  of  2802.5  0.  An  ’’extre  line"  thus 
results  whose  position  Is  in  good  egrseiienc  with  the  strong  esperlsentsl 
line  observed  sc  2801.6  C (the  centrsi  line  pointing  upuscd  in  Figure  10). 

Forbidden  Transitions 

- ±1  crsnslcions  which  could  possibly  be  observed  st  X-bsnd 
frequencies  ore  Indlcsced  In  Figure  14  by  dsshed  lines;  however,  in  some 
coses  their  crensltion  probsbllltlee  nay  be  too  snail  for  observstlon. 

The  resonance  fields  for  these  ctensitlons  were  tsloul.tsd  ss  a function 
of  8 and  are  shown  os  dashed  lines  in  Figure  15.  In  considering  such 
forbidden  crsnslcions  a s»re  exact  calculacton  including  the  ”l(b  nuclear 
quadrupolo  nosisnc  lo  Che  spin  Haailconten  is  required  to  answer  the  ques- 
tion of  Che  correct  cranaiclon  probablllcleo  for  ouch  resonances.  These 
effects  are  not  uncoemon  [9SJ. 

In  considering  forblddan  crsnslcions  which  geln  intensity  froa 
nuclear  quadrupole  effaece.  It  Is  Instructive  to  consider  the  cenae  In  the 
spin  HiBllconian  arising  from  such  effects.  To  Include  quadrupole  ef- 
fects In  the  HoBllcooleo  It  is  necessary  to  consider  the  tens  QMl^ 

- (1/3)I(1  + 1)J  In  Eq.  (26),  which  should  then  be  Included  In  Eq.  (49) 
for  Che  HbO  case.  In  tents  of  the  Bamlltonlan  In  Bq.  (50),  this  Cera  In 
Q’,  Che  nuclear  oloccrlc  quadrupole  coupling  constant,  transforaa  to  the 


following! 


((]'/2)<3A|||^|cas^9/A^8*>  - - (1/3>I(I  ♦ 1)1 

- <2Q'*|  |*j^8|  |gjco»eiiB9/A^*’)[(I^l‘''  I^r  + 1*1^  f I'l^) 

* (4Q'A|8|»in’9MV)[<I*)^  + (0^1  . (65) 

The  only  non7anl9hing  matrljc  eleaents  arlsljig  frim  Che  cems  In  Eg.  (65) 


<K,  t 1|1^1-|Mj>  . (Mj  I l(t(I  + 1) 


<Mj  ± l|rijMj>  . MjIKI  t 1)  - Mj(B^  t l)j‘^*,(66c) 

<«j  ± 2|C*)*|Mj>  . (1(1  + 1)  - M|(Mj  1 1))1'2 

• [1(1  + 1)  - (Hj  t l)(Kj  1 2)]^'^  . (66d) 


Che  cefiSeinE  ci 


gin  of  cho  "forbidden"  ccaneicioos. 


Figure  7)  is  accclbuced  CO  ■ - ±1  ccanslclon  wlcb  Ics  locenslcy  derived 


point  ouC,  It  is  expected  thee  such  e translcicm  will  be  peaked  In  Incenelcy 
near  0 » 45*  when  the  nuclear  hypnrfine  incecectlon  la  Isotropic,  as 


it  apptoxlMCely  tbe  cue  for  BkO.  The  Inflection  point  In  the  8 veceue 
K cntvn  Ktonll,  oceore  .t  .bout  3638.0  G <6  - 50*)  vhere.n  the  observed 
line  nc  3626. 7G  Is  nslculsted  to  eppeec  st  8 » 47.3’  vlth  a nalnnUceil 
tranaUlon  probability  of  4 peicaat  relative  to  a fully  "alloved"  ESR 
transition.  The  dlsntepancy  beween  the  Deesured  and  calculacad  field 
positions  of  this  Una  will  be  attributed  to  the  neplenc  of  nonlear 
eleccrln  Rusdrupole  and  Zeeasn  effects  and  will  be  discussed  later. 

The  relatively  hijh  latenslty  of  this  "forbidden"  line  la  accounted  for 
by  Che  large  value  of  d6/dM,  and  thereby  dN/dH,  at  8 S SO",  to  eianlna- 
tlon  of  the  eigenvectors  yields  the  foUoulng  wavefuncclona  for  the  upper 
and  lower  states  between  which  the  3626.7  0 transition  occurs  where  once 
again  only  the  alganvectora  of  the  saae  order  of  oagnltude  as  the  largest 


- 0.26331-1 


-4035 1-1/2, -9/2> 
0.1951|l/2,-5/2> 
3. 7892)1/2, -9/2> 


(67a) 


C67h) 


Although  eatenslve  nlatng  of  the  spin  basis  functions  occurs.  If  only 


esstuicially  of 


and  " -1.  In  enaalning  tf 
Che  3626.7  G cranslclon  oecurc 
are  Identified  vlch  che  scecee 
aonlng  eoaceming  Che  necure  o 

of  the  elloued  perpendicular  L 
expected  [3). 


G line  has  an  Incenaicy  about  half 
nea  and  reaenbles  then  In  ahape,  ac 


Lao  obeerved  In  »e  nacrlees  a weak  feature  at  A352.fi  C 
a perpendicular  Una  and  la  aaaigned  to  che  fiMj  - 11 
>n  (aee  Flgurca  14  and  15).  There  la  i 
Ne  and  a corresponding  although  ouch 
.0  Ar  nacrlees  (see  Figure  fi)  which 
position  of  776.0  C for  a forbidden 


very  weak  liot  ac  about  77^ 

correspond  to  a calculated 

peaked  near  6 - 90'  [95).  Calculations 
dlcular  resonance  (aee  Flguren  16  and  IS 
cloned  previously  the  Inceoalty  factor  f 

as  shown  In  Figure  IS. 


10  predict  a ^11] 

for  such  transitions  Is  pt 
er.  dS/dfi  is  lergeac  at  6 


previously. 


In  an  expanded  scale  for  He  and  Ar  nacrlees.  raspeccively, 
effaces  observed  ac  different  nriencaclons  of  che 
1 rcepccC  to  the  external  nagneclc  field,  as  aentloned 

else  from  donlnane 


thfiAe  Ilnu  (see  Figures  10  aad  11) 
of  Che  KbO  soleculee  wlcU  ceepecc  co 

anoBily  line  in  ebe  2800  G region.  ) 

C lines  la  Ne  are  all  accoDpaaled  by 
dounfield  Chet  exhlbics  Che  saiae  dependency  on  a as  cbe  laajt 
ICS  absence  In  Ar  «acrl»  speccia  Indicates  Chat  ic  probably 


variation  of  llneshape  with  a for 
the  sapphire  rod  surface  [20,27]. 
a also,  as  does  che  strong  angular 


In  He  the  perpendicular  lines  display  an  intenalcy  dependence  on 
i la  the  order  45"  > 0*  > 90",  whereas  the  parallel  line  shows  the 

hese  observations.  It  is  proposed  that  In  che  doalnant  sice  in  the  Ke 
latrla  the  NbO  leoleculea  are  aligned  sucB  that  the  Intemuelear  sals 
lakes  an  angle  of  45*  with  respect  to  the  plane  of  che  sapphire  rod  but 
re  otherwlae  randoaly  oriented.  The  slcnacion  Is  shown  schematically 


of  the  angle  0 between 
the  sapphire  rod  Is  a and  ch< 


1 reasonable  can  be  seen  as  follows.  Calculation 
le  applied  aagneclo  field  direction  and  che  NbQ 
angle  of  che  field  with  respect  co  che  plane  of 
t the  angle  of  hbo  molecular  axis  with  respect 
amounts  to  calculating  tlie 


che  magnetic  Hold,  where 
directions  in  e Carceslnn 


WD  planes  containing  che  vbG  moleculea  end 
o plane  of  the  cod  defines  two  of  che  chres 

e direction  cosines  of  pcrpsndleolars 


o£  AS*  wlcb  rCApecc  ca  rod  surface 


planes  Is  given  by  (102J 


OirseciOD 
dire cc loo 
dlraccioRS 


csalDss  of  Ebe  direcElon  anglaa  of  a line;  El 
chree  angles  a line  makes  with  the  poslclve 


(70e) 


EOT  any  value  oE  o baEueaii  0 and  90  chere  will  aluaya  be  a componene  of 
H orienEed  aE  0 end  90*  to  Ebe  NbO  aoleeular  axle.  Using  Eq.  (69)  It 
can  be  abown  chat  Che  ccneponent  of  !l  perpendicular  to  Che  KbO  noleeular 
axis  la  greaceec  overall  for  a - 6S',  followed  by  o • O'  sod  90*, 
respectively.  Thus,  for  Che  NbO  orientation  Just  described.  It  la  ex- 
pected Chat  the  Incensltles  of  the  perpendicular  and  parallel  lines  wary 
with  o as  observed  experimentally. 

There  are  addiclonal  coaponenta  of  mediua  intenaicy  at  2768.2  2832  6 

resembles  the  perpendicular  llnea  in  shape  and  dieplays  the  same  varia- 
tion with  a but  It  is  unlikely  chat  chia  line  arises  (ton  a site  effect 
since  It  has  a counterpart  ac  2834.1  C In  Ar  matrix  spectra,  although 
there  It  displays  a different  variation  with  the  rod  angle,  it  was  con- 
slotently  present  In  the  ESg  spectrum  regardless  of  the  method  used  to 
preparo  MbO  molecules,  whereas  many  linen  due  to  impurity  epocles  would 


e experiment  b 


a particularly  ci 


of  Che  g - 2 region  ocec  3300  C (ccmpnre  Figures  7 end  8>.  Csioulatlons 
predict  » 4Kj  ■ 12  perpendicular  resonance  at  2847.0  G.  and  as  •encioned 
earlier,  such  cranaitions  are  peaked  In  Intensity  at  Che  perpendicular 
orlencaclon.  Taking  laeo  account  the  quadrupole  shift  effect  Co  ba 
dlacuaaed  beloa.  It  is  likely  chat  Che  2832.4  G line  dees  correspond  to 
this  AHj  ■ 12  cransitlen  of  KbO.  The  4243.2  C feature  is  absent  in  Ar 
aacrix  spectra  and  is  chon  attributed  to  a site  effect.  The  2748.2  C 


liuclear  glcccrlc  Quadrupole  and  feeman  gffecca 

In  the  preceding  seecloas  nuclear  electric  quadrupole  and  nuclear 
Zeeman  effects  haue  been  neglacted.  Inclusion  of  quadrupole  effects  re- 
quires adding  the  term  Q'll^  - (l/3)l(t  + 1))  to  the  spin  Hamiltonian  la 
Zq-  {49>,  uhere  Q'  la  given  by  (82], 


by  1/48. 


^ ground  U 

.41  au  for  Kb**  [66]. 

.0  Of  B,.  (25,  =o„„lo.  f6.  ter-rVvI, 


0 |pr^3=6.^e  - l)dv  . Z<3«*  - r^>  . 


fliild  which,  because  of  the  nuclear  magnetic  coupling,  dececDlnea  the 
axle  of  quentisaclon  of  the  nuclear  spine  In  Che  absence  of  a magnetic 
field.  When  the  axis  of  the  applied  field  la  parallel  to  the  symmetry 
amis  of  the  crystal  field,  Che  nuclear  hyperClne  energy  levels  ere 
shifted  by  an  amount  which  depends  on  Kj  but  la  Independent  of  H.  an 
Chat  the  frequencies  of  nuclear  hyparftne  transitions  are  unaffected. 

The  quantitative  trescnenc  of  nuclear  quadrupole  effecta  requires 
Che  addition  of  Che  term  Q’(l|  - (1/3)I(1  + 1)1  Co  the  aidal  epln 
anmlltonlan,  where  q'  la  the  Interaction  of  q with  the  gradient  of  the 
cryecaiune  field  at  the  nucleus,  CJ^V/Ss*).  q'  is  therefore  defined  by 

q’  - [3eq/4I(I  + DUaVan^  . (74) 


parallel  resonaBce  U unaffected  by  quadrupole  effecca.  Hence  If  thia 
order  of  aagnltude  for  Q'  la  reaaonable.  the  allowed  cranalclona  are 
easencially  imchaosed  by  Inclualou  of  nuclear  <iuadrupole  cecBa.  Hie 
oagneclc  paraaecera  given  above,  calculated  neglecctng  guadrupole  effecca 


Kollean  and  Chau  [95]  give  ch< 

effecca  and  eecond-order  hyperflne 
on  tbe  earlier  work  of  Bleaney. 


followlug  expreaeton  [Eg.  (7S)J 
, IncludlDg  guadrupole 


: ■ “o  - "4  - ^ ^V>mVi 

» U<1  + 1)  - mJi  - Cl/2B^H<A||g||  - *Jg2)/Ag*)l 

* Cg^ |gJ/g*)^aIo^ecoa*0Mj  + (2q’*g|coa^6aln*e/Ag*) 

• (A||dpf|«^/AV)*Kit«(I+  U - 8H^  - 11 

- «'*g|aln*e/2Ag^)<Aj^g|/Ag*)‘Hj[21(I  + 1) 

- 2hJ  - 1]  . („) 


|CO.  9 ♦ Ap^al 
:)  - Am  (erg)/g| 


volving  Q'  vanlah  ai 


defined  ea  In  Eq.  (50),  - hWg9^,  A*g‘  - 

0,  and  all  coupling  conacanca  ace  expreeaed  li 
- Aj^(erg)/gj^6j,  A(S)  ■ A(ecg)/g6j.  ai 

ie  parallel 
d alnplifiea  to  (q'^ 


le  quadrupole  contribution  al 


72Apn,[2I<l  + 1)  - 2kJ  - 1! 


For  th.  tron.lclo™  |m^.  Hj  r 1>  - |n^  - i.  , i, 

Mj  oon  hov.  tb.  value.  {I  - 1),  (I  - 2) -(I  - 1).  the  re«,a.e« 


V.™>.  - u - 


for  4Mj  . « 


opeccra  [951. 


near  the  porpeadlcular  limit  where  the  contribucloo  of  theae 
ia  generally  foond  to  be  moat  loporcoet  la  polycryatalliae 
. Although  the  ratio  Q'/Aj^  may  be  email  for  a amall  quadru- 
tloa,  Che  InteealCy  faccora  may  hoc  be  completely  negligible 
Aj^.  ^rehemore,  the  abaorptlon  Inteoalty  of  the  AMj  > 0 
ney  aaatime  aurprlslngly  large  waluea  aa  a teault  of  unuaually 
of  db/dg  [95).  Thia  la  all  very  coDslateat  for  the  KbO 


The  nuclear  g-factora  for  ^‘v  and  ’■’(lb  ate  +1.47  and  +1.37,  teapec- 
Cively,  and  ace  therefore  quite  elmller  [1071.  Ihe  obaerved  nuclear  hyper- 
fltie  parameters  for  VO  and  NbO  given  In  Table  IV  ahoold  than  cellecc 
rather  well  the  spin  denaltlea  In  the  two  caaea.  For  a paramagnetic 
entity  whose  g-censor  deviates  little  from  chat  of  a free  electron,  the 
nuclear  hyperflne  teoaor  for  a nucleus  at  an  axially  ayemetrle  position 
can  be  given  aa  [1081, 


a Isotropic  part  ol  the  hyperflne  coupling  ci 
aa  [compare  8qs.(20)], 


! term  was  Introduced  by  Fermi  [109]  li 


Comparison 


Kasnaclc  ParaBecera 


Tha  paramacers  fiven  a] 


darlved  from 


Th«  anlBotroplc 


- hyparflne  iacecacclOD.  The  Feriai  cencact  ecna  is 
a purely  queoCum  mechanlcel  Interectlon,  having  no 
>uc  chle  la  nnc  so  173].  The  eoncacc  Inceracelnn  eni. 
Lchin  the  fraaework  of  cleMlcil  elececomgMClaB, 
dipolar  part  of  Che  hyparflae  coupling  la  given 


netlc  dipolea  vhlcl 
ochical  aogulac  mot 


decreaaen  rapidly  w 


! Che  a aod  5 orblcala  ere  eaaanclally 
•c  orblcala  of  nlobliea,  reapeccively,  t 


electron  are  each  oag- 
Ch  locreaalng  r,  apeclfl- 


doainanc  ct 
approximation,  ic  may  be 


h^lp(MhO)  S <2/3)a^^p(Nb  4dd) 


for  the  angular  variation  of  the  4dl 


In  Che  expreaalon  for  / 
electrone  of  Nb  [66]. 


expected,  eaacnclally  doubling 


le  hyperfine  Interacclon  w 


if  negpcivi  ard  positive  coBtrlbuclans 


Mtel  oxide.  The  anisotropic  p. 

difficult  CO  interpret  because  ( 

le  eetimates  of  the  hyperflne  locecaccioos  of  4s  and  5s  elec- 
I.  respectively,  can  be  obtained  free  ScO  (as  Kasai 
of  hartree-Peck  celoulatlons  of 
the  previous  ESR  study  of  YO  [28] 
Che  hyperflne  locerac- 
ch  Che  ®’y  Bucleua  Is 
I relation  [1111,  In 
proportional  to  the  quaBClcy 

(82) 

vhere  is  the  Bueleac  g-faecot,  2.  is  taken  aa  Che  real  nuclear  charge 
Zg  ■ 1 for  neutral  atoms,  Z.  ■ 2 for  aingly  Ionized  atoms,  end  so  forth 

The  results  from  use  of  Coudsmlt’s  ralacloB 
agree  rather  well,  yielding  A^ggOib  5e)  - 5. 

percent  In  VO  end  about  40  percent  lo  NbO.  It  la  gratifying  that  thes. 
spin  discributlODB  are  coBslstenr  with  eS^  configurations,  which  as 
seated  earlier.  Imply  1/3  a-characcer  to  the  first  approximation. 

The  value  of  <r  jjjj.  necessary  for  InterpratatloB  of 

Is  more  difficult  to  estimate,  particularly  since  the  anisotropic  con- 
■OB  do,  dfi,  or  even  po  electrona.  However,  A^^  ( 
a electrons  will  always  be  at  least  an  order  of 


I a relativity  correction. 
Hartree-Foek  values  [IIDJ 
la.  from  which  Aj^gfHbO) 
;V)  and  A.  C>fb0)/A  <Kb) 


snaller  cl 


ot  ‘r  can 

be  lude  (con  a epectroacopically  (jecernlned  spln-arblt  coupling  comcont 

Cheir  evptuaalou  <c  > ia  given  by  che  following  axpceealon: 

<r'’>  • hel/2<J  + l/2)uV  . (93) 

Here  h la  Planek’a  conacaoc,  c Che  epeed  of  llghc.  1 che  epla-orblt 
coupling  conacanc,  t the  orblcal  angular  monencuD  quancum  miaber.  li  che 
poaenc,  and  Zj  an  effeccive  acomic  niiobar  given  by 
(Z  - n),  idiere  Z is  che  crue  acomic  number  and  n che  principal  quancum 
number.  The  d-eleccron  spln-ocblc  coupling  conacanc  of  Hb  can  be  caken 
aa  abouc  520  cm  from  Harcree-Fack  caloulaclona  [110)  ox,  alcemnclvaly, 
aa  abouc  646  cm  from  che  observed  emltlplec  levels  of  che  Nb'*^  Ion  in 
che  P(4d^)  scace  (113),  Using  che  Hareree-Foek  value  of  520  cm"^.  a 
value  of  <r  " -.96  au  la  obcalned;  chla  yields  Agjj,(Kb  4dd) 

-36  MHc.  Thus  Ajjp(NbO)  is  abouc  -24  HHc,  In  reasonable  agreenenc 

figure  17  deplcca  an  approxlmace  molecular  orblcal  diagram  foe  »bO 
«*ere  che  5so  and  4d4  nonbonded  levels  may  be  qulce  close  cogecher  and 
may  even  be  Incerchanged  In  energy.  TaO,  che  next  heavier  member  of 
Croup  V*.  has  a 4^  ground  scace  derived  from  a 0^«  conflguracion  [4-6J. 
The  5bj  level  la  probably  partially  hybridised  wich  che  4*  so  thac  each 
of  chase  orbitals  should  be  depleted  os  mlxtureo,  but  with  the  lotcar 
scrongly  bonding.  This  same  acheme  applies  Co  VO  (3),  but  wich  che 
principal  quantum  numbers  of  the  metal  reduced  by  one  and  with  che  4p 
orblcal  higher  in  energy  relative  Co  the  4a.  T] 


:h  molecules  it  negative  (the  sign  o 


*11  ' 


here)  eacabHahes  thac  the  principal  dipolar  hyperfine  lolerscclon 


Nb  atom  Nb  0 0 atom 


Flsuro  17.  Scheoaclc  oalccuLar  orbical  dLagron  tar  cite  valence  elec- 
trons of  S*bO.  Holecu’.sr  orbitals  are  Inblcaced  here 


relevant  to  the  SSB  and  optical' craoalc^oa  of  "niO.  I*ie 
vertical  encrav  lonle  is  strictly  qualitative. 


would  lie  higher  in  KbO  and  participate  sore  In  Che  Donbondlng  levelc. 

This  conoluaion  la  baaed  on  a cryacal-f laid  theory  model  16,7,124-116]. 

In  zero  approxlsatlon  Che  solecule  la  conaldeced  aa  cosplecely  loQlc,  Chat 


accong  cyllndrlcally  ayssecrlcal  f 


three  eleccrona  wou; 
figuration  (other  tl 


I the  C field.  Thua,  in  the  alspleat  caae,  Che 

cloaed  ahella).  This  would  lead  to  a ^6^  Inverted 
ground  atace,  which  la  of  course  not  observed.  In  the  caae  of  TaO  (6], 

d , should  be  allowed  to  fom  v-honda  with  the  oitygen,  thereby  altering 
the  alsple  Ionic  model  by  covalent  bonding  and  the  forsacion  of  appro- 


in  a 6 configuration  [117-119].  In  order  to 
a!  la  TaO.  It  ie  neceasary  to  alao  lower  the  do  level  below  the  d6.  Thla 
could  perhaps  be  done  by  allowing  aoae  ad  hybrldiaatlon  to  oecui  aince 
the  6a  and  5d  orbitals  of  la  can  bIk  [6. 120,121].  Calculations  [122] 
on  TtO  Indicated,  however,  that  there  the  3do  orbitals  are  largely 
bonding  and  not  the  is.  Extending  the  echexe  to  laO,  Weltnar  and  HcUod 
[6]  derived  a final  configuration  of  o^d  for  TaO,  yielding  a ^0  state 
Clearly,  the  saac  arguaents  cen  he  applied  to  VO  and  NbO,  except  there 
the  final  coaflguratlona  are  o5*,  giving  a ‘e  ground  state.  Aa  oentloned 
earlier,  then,  the  4do  level  In  NhO  Iloa  higher  than  the  3do  level  In  VO 
If  NbO  is  ajore  ionic.  Hence,  increased  do  or  po  epln  occupetion  In  NbO 
is  a reaeonablo  conclusion  free  Che  observations. 

The  value  of  the  hyperflno  constaot  b deceredned  in  the  gas  pheea 
[37,1231  Is  approxlBacely  0.19  co"^.  For  the  NbO  case,  b * 3(A  - A ) 

and  Che  neon  nscrix  apeccrua  data  yield  a value  of  0.165  cai"^.  This  is 
another  indication  of  the  validity  of  the  present  reaulta,  partlcnlsrly 
aloce  the  gas-phase  value  of  b la  only  an  approxlsate  one  [37]. 

Discussion:  e-Tensnr 

It  has  been  shown  chat  for  an  orblcally  degenerate  ground  ecate,  the 
deviation  of  the  g-value  along  a particular  principal  oxis,  1,  iron  Chat 
hf  a free  electron  can  be  given  by  [3,32,33,35,36,61,124] 


6*1  ■ -21  J ‘O|l-j|n><n|lj|0>/<Ej^  - Eg)  . 


Here  A is  the  apln-orbJc  coupling  con: 
Eq  - Eg  gives  the  energy  separation  bi 


te.  |0>,  and 


via  a spln-orblc  Inceractlon.  In  particular,  for  axial  cynaecry,  Che 
Collovlng  equaciooa  are  applicable: 


igll  *-(1/2)1  r <n|L|0>/(B  - E„)]^  . 

" BiiO  ‘ no 

**1  ’ Jo  ■ V • 


e |0x  : 


mixed  In  by  the  operacora  In  Eq.  (85b)  ere  excited  acatee  |a>  vhleh  sue: 
be  n BCaces.  Evidently  terms  Involving  It  ataCea  ace  coupling  via  XC'S 
Interaction  »lth  the  ground  atace  to  mix  In  acme  orbital  angular  ocnaen- 
tuB  and  thereby  alter  g^.  The  lower-lying  the  II  ecace  and  the  larger 
Che  value  of  1 Che  more  effective  the  coupling. 

g| I ahould  always  be  leaa  than  g^  and,  since  Che  term  In  bcackeca 

dg||  • 0,  However,  dgj^  la  note  affected  by  Che  coupling  and  It  can  be 
positive  or  negative,  depending  upon  the  character  of  Che  II  acatee  Invol 
In  general,  the  lowest-lying  II  seal 
Che  higher  states  can  be  neglected 
whether  Chat  excited  state  has  the  pcoperclee 


: sign  of  dgj^  will  depend  upon 
n electron  In  a ir 
y of  stating  chls  Is 
a poalclve  In  the  first 


(*n^  state)  or  to  (^^  state}.  Hlxlog 

I scace  would  cause  Agj^  to  be  negative,  where- 
dgj^  to  be  positive.  If  several  excited  ecacet 
teic  Individual  effects  on  dg|^  muse  be  conai- 
iplest  case,  if  the  oxperlBencal  value  of  dg,  < 


since  lor  cbe  NhO  Bolecule  flgj^  « 0,  Ic  le  Implied  chat  regular  II 
acacea  are  coupled  to  the  x“e”  atate  via  aplo-ocbit  Interaction.  The 
lowest-lying  excited  states  which  could  algnUlcantly  couple  Co  the 
(4dd)  C5ad>  X I state  of  HbO  arc  the  ststes  produced  by  excltatloo 
to  Che  following  configucatlona: 

(4d4)’{4dll*)^  , 

(4d«)^(5so)^C4dJ*)^  . 

Note  that  3pn  will  couple  to  the  gcouod  ecate  only  IE  5po  character  is 
mixed  with  the  o noabonding  orbital.  Such  states  have  not  yet  been 
unequivocally  Identilied  free  optical  spectroscopic  studies.  Eowevec, 
a negative  Agj^  shift  was  also  observed  toe  VO  (see  Table  IV),  but  was 
not  as  large  as  in  NhO,  in  qualitative  agreement  with  its  smaller  apin- 


Aa  discussed  later  in  Chapter  IV  on  Che  optical  epeccrum  of  NbO, 


above  Che  ground  state  1123] . If  the  d-eleccron  spin-orbit  coupling 


tlvely,  from  llectree-Fock  calculations  |110]  and  the  experimentsl  dgj^ 
(aee  Table  IV)  le  used  in  Che  expression 


4gj_  • -(4/3)(l/iE)c^  , (86) 

Chen  Che  value  of  c can  be  obtained.  Equation  (86)  is  derived  from  Eq. 
(83b)  where  6E  ■ - Eq  and  c le  Che  coefficient  of  the  3d6  or  4d6 


fuoectOB  for  the  ground  stsce  of  VO  or  UM.  The  ouaeclcal  factor  of 
4/3  in  Eq.  (36)  cones  from  as  evaluation  of  the  nscrta  eleaenca  of  the 
**x  ®P®vator  of  the  form  <4dii  |Lj^|4d6>,  vhere  the  only  noovantahlng 


<K^  r • ULl  Mj^)(L  ± + 1]'' 


n . 


(87) 


and  fron  the  fact  that  for  ocbltally  condegenerate  aeacea  of  nultipllclty 
higher  chan  twn,  the  expceaslon  In  Eq.  (85b)  nuat  Include  the  factor 
1/S  |61J.  Equation  (86)  aeaunee  that  In  the  excited  acate  Che  ex- 
cited electron  la  entirely  in  a 4dr  orbital  on  the  oketal  acon  and  cbac 
the  4do  hybrldlxaclon  rich  the  5ao  aconlc  orbital  ia  enell  in  the  ground 
BCace.  It  le  found  that  c^(SbO)  - 0.»0  and  e*(V))  - 1.15.  Although 
these  are  very  approxlcnata  calculationa.  the  reeulca  are  reasonable, 
particularly  ubeo  cnopared  with  the  hyperfine  analyaia  of  the  preceding 


CHA7TEK 


THE  OPTICAL  ABSORPTIOa  SPECTMW  OP  THE  MhO  MOLECULE 


Ihe  Blu«  Sy»c«»  (V  - ‘t~l 


peccurbed  iu  a Ne  matrix  by  interaction  with  nearby  excited  atates  o£  a 
eyatam  deaigDated  aa  ayatem  X.  The  band  potitiona  and  derived  band 
separations  of  this  percurblag  ayatem  are  given  in  Table  VI.  The 
lacecactlon  of  the  £ ayatem  and  the  X system  la  ahcwn  schematically 
in  Figure  19,  lAere  the  double-headed  arrove  Indicate  that  the  unperturbed 
levels  have  interacted  to  yield  the  observed  levels  listed  there. 

Beferenoe  to  Figures  18  and  19  shows  that  in  the  (1,0),  C2  0) 

X,  uhereaa  in  Hb^*0  the  (2.0).  (3,0).  and  (4.0)  levela  of  the 


strongly.  The  longest  wavelength  observed 
by  use  of  E<,.  (88)  1118), 


Neon  4®K 


CO.O) 

(1,0) 


(0.0) 

(1.0) 


(0,0) 


(J.O) 

0.0) 


A61.4K5) 

445.00(10) 

429.280) 


U.O) 

(2.0) 

0.0) 

(4.0) 

0.0) 


0.0) 

(4.0) 

(5.0) 


*K«trlx 


Nb*0 


Nb"0 


AGparacion 


vlbratlonAl  <juanciira  Dkimber  v and  an  average  bant 
for  the  progression  to  which  the  bend  belongs. 


>CKb'‘°0) /v(Nb“( 


- [u(Bb  0>/uC»b^®0)l‘' 


e the  observed  or  calculated  vibrational  frequencies  (In 


(ten  are  negligible  it 
le  unperturbed  levels 


;a  electronic  vibrational  progreeslon. 


• 0 £■  SysteiB  Hb''‘’o  "E”  Sy*teo 


>f  Upper  Eleccroole 


Separaclon  e 


vlbraciaoal  leV' 
(118,125)  Cl 


E . (l/2)(Ej  * Ej)  t (1/2)(«|w^j[2  + _ „2, 

Bate  B represents  Che  pertucbed  energy  and  « - E^  - E^  Is  the  separation 

Thus  Che  Interaction  hecvsen  the  vibrational  levels  of  the  esclced 
states  of  Che  £ and  X syscetos  causes  the  unperturbed  levels  to  aove 

the  I systein.  The  nature  of  Che  observed  oatrlx  spectra  Indicate 
that  Che  transition  to  the  X excited  state  Is  Intrinsically  week  and 
chat  It  only  appears  by  "stealing"  intensity  Iran  the  Intense  ‘e"  u-  x*E' 
systeB.  Perturbations  ore  also  observed  In  the  gas  phaee  (126)  and  eatrlx 
(20]  In  the  green  syaten  of  VO  at  573. 9 na,  which  Is  presuiaably  Che 

The  conditions  for  nonvanishlng  , that  la.  the  selection  rules 
for  perturbations  as  they  are  decemlned  by  Che  quancuin  nunbets  and 
sysnetry  properties  of  the  states  1 and  j ate  (118):  (a)  both  states 

Bust  have  the  seas  total  angular  looisentum  J(4J  - 0)i  Cb)  both  scaces 
Bust  have  the  sane  Bultlpllclty  (AS  " 0);  (c)  the  two  stacea  oust  differ 

both  Bust  be  negative  (+•/"-);  and  (a)  for  Identical  nuclei,  both  ncsces 
muse  have  the  saiae  syMietry  in  the  nuclei  (e  -A  a).  IhiUs  (a),  (d),  and 
<e)  ate  perfectly  rigorous.  The  second  rule  (As  • 0)  holds  only  approxi- 
mately and  rule  (c)  (AA  ■ 0,  11)  holds  only  as  long  as  A is  defined. 


vibrational  qijancga  nunbar  v.  but  an  analog  to  tha  ftanck-Condon  principle 
holda  In  that  two  vibrational  atacci  belonging  to  coo  dlflarant  electronic 
atates  and  lying  at  approxlantely  the  aaae  level  will  Influence  naeb 
other  accongly  only  if  classically  the  ayatem  could  go  over  Iron  one 


r vlrbout  a large  alteration  o 
data  are  Insufflclenc  to  alio 
the  K syeceiBi  excitation  to  an 


moBiencua  and  position, 
precise  decernlnatlon 
h configurations  as 


lying. 


X‘r  end  *n  r 
the  selection 

In  the  perturbing  state  a 


presence  of  HbO  stolecules  1 


: configuration  also  gives  rise  to 
pecced  to  be  low-lying.  Transitions  si 


■orbit  coupling 
: the  selscclon 
sc  (ci  coupling 


Is  difficult  Co  even  eselgn  band  positions 
nd  to  detect  any  perturbations  slmllsr 
lx  apeccca.  Observation  of  the  blue 
a provided  accuroce  verification  of  the 


Isolated 


Nb'®0:  Ne  A°K 


and  In  Ar  In  Pl|ure  21.  Ftoa  Che  gae-phase  ecudlca  (8.127]  ac  least  twg 
eysceos  of  NhO  ace  eapecced  Co  be  observed  in  thla  region. 

In  We  chete  are  five  dlsEtnec  Frosteseione  in  which  the  leocoplc 
ahlfca  eacablish  Che  (0,0)  bands.  The  progressions  are  lisced  in  Table 
IX  and  are  designated  as  A.  A',  B,  C and  0.  As  seen  from  rigors  20 


I for  chair  slsllar  designscions.  There  are  consiaceocly 
reaker  bands  ac  slightly  longer  wavelengths  chan  the  nore  ii 
Is  and  analysis  of  these,  where  neasocable,  yields  Che  sene 
il  progressions  as  their  stronger  counterparts.  Two  of  chej 
syscena,  persisting  even  after  annealing  of  the  aacrlees,  are  lisced 
In  Table  IX  where  they  are  assigned  c< 


The  spectra  observed  In  Ar  ace  stellat  Co  chose  In  Ne  and  again 
there  are  site  effects.  The  Ar  bands  ate  lisced  In  Table  X.  Several 
broad  absorption  feacuroe  in  At  (at  709.9  nm,  tor  eaaaple;  see  Figure  21) 
do  not  fora  progressions  and  have  no  eouncerparcs  in  Che  Ne  spectra. 
Ptesusiebly  they  are  not  due  Co  NbO.  There  is  also  a weak  systea  of 


not  observed  In  Ne  aacrlees,  which  has  a unique  vibrational  spacing, 
indicating  that  it  does  not  arise  tron  a site  effect.  However,  che 

The  positions  of  Che  (0,0)  bends  and  che  vibrational  frequencies  in  che 


e prcsunably  che  rocecional  b: 
cated,  approxinately  centered 


s bracbec  Che  gas-picase 


Nbt) ; Ar4°K 


PlSurc  21.  The  oheerved  eheorptlon  bends  in  the  regiD.n  540- 

tur..  Gaps  Id  the  solid  lines  lodicete  chsnses  in  allt- 
depicced  accursEely. 


4«d) 


Spectra  In  Ne  and  Ac  Katcieea  In  the 
the  Strong  Banda  Obaerved  in  the  Caa  Phase 


A'(O.O)  691.1 


C<Q.O)  643.2 

Bd.O)  619.5 


C(1,0) 


(1281, 


data.  The  ESR  apettta  denaiiacrate  that  tha  BoUculea  are  not  rocatlns 
in  these  Datrices  (aee  Chapter  III).  Vhat  ie  dealRnated  ae  lyatani  C In 
Che  present  work  has  also  been  observed  recently  in  Ar  batrieea  [2J. 

The  lou-lylng  ecatea  to  which  transitions  are  allowed  are  likely 
derived  from  excitation  Co  either  Che  5p7l*  or  6d/  levels.  Then  exolta- 
cton  CO  either  5 n or  6oir  eonfljuraclona  will  provide  excited  upper 
states  CO  which  cranaltions  fron  the  ground  state  ere  folly  allowed  In 
Hund’e  oase  (aj  coupling  <eee  the  discussion  of  the  g-tenaor  In  Chapter 
mj.  A counterpart  here  la  the  H - X £'  system  of  VO  at  795.6  nn  (371. 
Spln-orhlt  coupling  In  “ll  states  gives  rise  to  I)  ■ 5/2  3/2  and  two  1/2 
subscaces  with  expected  aulclplet  splittings  on  the  order  of  SCO  cn”^ 
for  mo  (see  Chapter  111),  If  the  aalectlon  rule  4(!  - 0.  ±1  la  consi- 
dered. then  there  are  three  possible  allowed  transitions  to  a state 
from  the  ground  state.  If  Hund's  case  Cs)  coupling,  the  coaponents 

01  these  Mltlplete  would  be  equally  spaced  so  that  three  equally  spaced 
(0,0)  bands  should  be  observed  In  the  matrix  spectra  for  each  excited 


similar  but  more  widely  spaced  triplet  Is  Che  A’.  C,  and  B states  which 

However,  usually  In  mecrloes  subheads  of  culclplsts  can  hs  expected 
to  heve  the  seme  genorel  appeerance  since  mactlx  Influences  will  be  the 

ebly  elmiler  sod  thus  expected  to  belong  to  the  aeoe  multlplet.  Although 
the  Bite  effects  are  aomowhat  different,  the  C end  D bande  ere  also 
sharp  end  not  unlike  the  A and  A'  bands.  The  a bande.  however,  are 
nociceahl,  broader  (about  50  cm’*  at  half-height)  chon  the  others  and 


« excited  ececeCs) 


•fi  a tendeecy  cowerds 


Cosblnlns  ebese  abservecloes.  It  Is  difficult  to  unsmbljuDusly 
asalgu  three  subeyeteas  ss  belonging  to  the  expected  ‘n  - ‘l  ttanalcign 
with  Hund’a  case  (a]  coupling  la  the  **11  state.  What  is  clear  la  that 
iBore  systeas  are  observed  In  the  red  region  of  the  epectrua  thaa  can  be 

Kund's  case  <c)  coupling,  a 
t5,6],  then  additional  t 
n states  (in  Che  sane  configuration  as  the  excited  ‘h  scacea)  becoas 
aore  allowed  1124-132J.  Additional  transitions  and  loss  of  aultiplet 
equal  spscings  are  then  expected.  It  is  also  possibla  that  excitation 
into  a do  or  po  orbital  could  lead  to  another  *■  X*£  ttansltlon  In 
ChlB  region:  for  example,  the  unique  B system  could  he  accounted  for  ra 


In  Chapcet  III  It  was  shown  that  the  observed  perpendicular  compo- 
nent of  the  g-tensor  of  the  KbO  molecule  could  be  satisfactorily  accounted 
for  by  ascribing  at  least  one  of  these  tranaltlona  observed  in  the  red 
systems  to  a » X E"  transition  derived  from  excitation  Into  a 4dr* 


Excicaclon  li 


cive  energy  of  Che  bps  and  Spo  levels  Is  obtained  froa  this  worh,  although 
In  Figure  17  of  Chapter  III  they  ete  considered  as  low-lying.  Since 
previous  considerations  of  some  traneltlon-eetal  oxides,  most  apecifleally 
no  16,101,  have  pieced  the  pr  level  higher  than  the  dh*.  there  appears 
to  be  some  doubt  about  how  tliese  levels  are  ordered  throughout  the  scries 


pucpoM  ot  preiMtlp*  the  18  tesulta  three  typee  of  experlaento  ace 
he  dtaclogulehad!  (1)  vaporteacloo  of  pure  Hb,0.  froa  e tungsten  ei 
(J)  vaporisation  of  Kb/KbjOj  Bixtores  froB  a tungsten  cell,  and  (3) 
passing  Oj  gas  over  hot  Nb  »eCal  in  a tungsten  cell.  For  all  three 
of  experiments  a nedium  to  strong  Intenalty  band  ves  observed  at  »?: 
which  la  assigned  to  Nb^^O.  This  band  was  strongest  in  the  type  (3) 
experlmencs  and  weakest  In  the  type  <1)  esperlBents.  as  expected.  1 


appearance  ol 


a actually  t1 


IS  shown  in  Figure  2^ 


for  Kb*°0  are  slightly  lower 

recently  reported  a slDllar  : 
triplet  structure  observed  b; 


The  observed  Isotope  frequency 

c nlohiua  oxide.  Also,  Che  valuei 
as-phnse  value  of  981.4  [91.  as 
|2|  have 


' these  workers  at  964,  968,  and  971  cq~* 
for  Kb  0 and  at  918,  921.  and  924  cm  ^ for  Kb''®0  Is  attributed  by  tl 
to  probable  multiple  stable  matrix  sites  since  the  triplet  structure 
persists  even  after  tha  matrices  are  annealed.  It  Is  interesting  to 


slightly  different  ii 


The  triplet  splittings  are,  however. 

SOB.  further  experiaentacion  Is  required 
8 triplet.  Possibly  use  of  Kr  and  Xe 
0 light  on  the  origin  of  the  triplet 


Neon  4°K 


The  teaoloder  of  Che  observed  HbO  IB  spectrum  In  Ne  is  not  essUy 
Interpreted,  in  oliiost  every  erperlmeotal  spectrum  several  IB  bands 
vere  observed  chat  were  due  to  various  tungsten  oaide  species  crapped 
in  the  macrlic  [123J.  It  is  expected  from  ntass  speccromecric  date  t52] 

cenctetion.  However,  no  bends  In  the  observed  IR  spectra  could  bo 
clearly  assigned  to  either  a linear  or  bent  NbOj  molecule  and  Che  elec- 
tronic spectra  also  exhibited  no  band  eyaceos  attributable  to  a trlacomic 
species.  Both  Te02  [6)  end  I1Z51  exhibit  very  characteristic  spectra 
Involving  long  progreeslons  of  the 


CHAMEa 


CONCLUSIONS:  THE  N1 


awJ  optical  data  eetabllah  that  the  ground 
nolecule  Is  E , In  accotd  with  receoc  analy- 
[1,2].  Indeed,  the  hyperfine  peraiaeter 
s very  close  to  the  approxinate  value 


id  by  obaecved  hyperflna  splittings  lo  the  - 
“l  syscen  In  the  gas  phase  [IJ.  In  view  oE  the  eubetantlal  agceeaient 
between  the  hyperflne  pacanetera  o(  KbO  saasuced  In  Me  and  Ar  latrices, 
It  la  llbely  tha: 


Coabarlaoa  w 


Previous  discussions  (7.10J  o(  the  ground  states  of  the  Group  IV 
and  Group  V cransltlnn-oetal  oxides  has  pointed  out  that  siallarltles 
between  second-  and  third-row  diatonic  oxide  nolecules  Bight  be  expected. 
Thus  NbO  was  predicted  to  have  a ground  electronic  state  like  TaO  [6]. 
The  present  results  show  chat  this  Is  not  Che  cose,  but  it  is  interesting 
to  note  that  the  Mb  atoB  is  also  aoooialoua.  Although  V and  Ta,  the  atesas 
above  and  below  Kb  in  the  Periodic  Table,  have  ^Fj^j(dV)  ground  scaces, 
Chat  of  Nb  is  b^^j(d  s)  [113],  In  concrssc.  Ti,  Er,  and  Hf  atoms  ore 
all  F(d  a ) while  the  ground  scaces  of  the  aoiecular  oxides  are 


«0.>v 

CrO.  ?V  or  ?’n;  MoO  sod  WO  both  . 


EiECTRON  SPIK  BE50NASCE  SPICIWJSCOPV  OF  PHEHCFTaiAZniE 
EADIC4I.  CATION  COMPLEXES  HITO  DEOXYRIBONUCLEIC  ACIDS 


CHAPTER  VI 


INTBODUCTIOH ! TRICYCLIC  ANTIPSYCHOTIC  DRUGS 
AND  NUCLEIC  ACIDS 


routed  drugs  [1331- 


oedacive  effecca  and  prolonged  the  action  of  barbltntatcs,  French  vorheco 
atcenpced  atcticcucal  Bodlf Icaciona  of  chla  drug,  hoping  Co  find  a coo- 
poimd  with  enhanced  central  nerwoe  aFacan  (CIS)  activity  [134-13SJ.  1„ 
the  couree  of  thla  study  Chatpentter  [137]  in  1950  eynchaslaed  ehlor- 
pronealne  (CP2)  and  Coutvolsler  and  coworkera  [138]  reported  an  aisaslng 


;eralty  of  pharmacological  ptopertlas  for  this  drug.  Including  ecrlklng 
>-depreasant  effecca.  The  detDonscraclon  in  1952  by  Delay,  Denlker, 

effective  in  treatment  of  variooa  psychiatric 
ilque  and  useful  aoclpeychotic  action  of  this 
la  not  only  able  to  calm  the  hyperagltated 


and  Bari  [139J  that  CPZ  wi 
dlaordeta  revealed  a nose 
compound.  Chlorpromaalne 


c the  paclanc  in  a cooperative  scece,  allowing  him  Ci 
n occupational,  recreaclonal  and  paychotheraples,  uherea, 


psychotic  bi 
parclcipete  ii 

nadlcaclons  available  prior  to  Che  use  of  c?; 
eedatlon  in  patients  that  adequate  therapy  was  thwarted  (135J.  The  1954 
report  of  Lehmann  end  Hanrahsn  [140]  was  a significant  conflraiBCion  of 
these  clinical  findings  and  described  cbe  uae  of  C?Z  In  the  treatment  of 

was  maclteted  in  the  United  States  as  an  enticmetlc  and  was  rapidly  rec- 
ogifod  as  a notably  efficacious  agent  (or  the  treatment  of  nausea  and 
vomiting  1135,136).  since  then  the  published  literature  on  chlorpromaalne 
in  particular  and  aubatltuted  phenothlaeice  derivatives  in  general  has 


expetlenced  an  explosive  proliferation.  Excellent  cevlewa  of  the  aub- 
stltuted  pheoothiaaines  tteatioj  the  subject  fcon  different  points  of 
view  have  been  sivon  by  Donlno.  Hudson,  and  Zogtafl  [U5J,  Zlrkle  and 
Kaiser  1136),  Schenker  and  Herbal  [141],  Bradley  (14ZJ,  Cordon  [163,144], 
and  Bodea  and  SUberg  [145].  A striking  indication  of  the  Journallstle 
explosion  la  illnatrated  by  the  1963  review  of  Schenker  and  Hetbst  [141] 
on  phenotblailnea  and  asaphenochlaetnes  as  eedleaclons.  Ihe  review  Is 
358  pages  long  and  contains  102  tables  (extending  over  173  pages)  listing 
pbenothlailne  derivatives  (with  lltecatoro  refetences)  known  up  to  the 
tins  the  review  was  written.  These  tables  contain  over  3000  separate 
Id  Che  review  article  lists  6800  refereneesl 
I the  Introduction  of  CPZ  as  a neuroleptic  Canclpsychotic)  drug, 
of  new  pheoothlaalne  derivatives  have  been  ayncheslted  and 
studied  phanencologtcBlly,  as  well  as  related  tricyclic  derivatives  such 
os  phenoxaeinos,  phenoselenatlnes.  acridans,  oerldlnea,  thloxanchenes, 
xanthenes,  anthracenes,  and  dlhydroanthracenes,  and  tricyclic  coepounds 
with  a central  seven-aeabered  ring  [136],  Nearly 
sine  coapounds  have  been  investigated  clinically 
[136]  and  about  50  phenothiazine  derivatives  are  i 
(135], 

No  blocheDical  or  physiological  disorder  has 
causative  factor  of  the  functional  psychoses  and  I 

obscure,  the  drugs  being  palliative  rathi 


psychotropic  activity 


level  that  ace  responsible  for 
clearly  understood,  although  ni 


!n  Identiflsd  as  a 
tr  etiology  is  un- 
if  antipsychotic  drugs  is  also 
than  curative  agents  [136). 
rtloo  o(  neuroleptics  at  the  ewlecular 

lus  observations  Indicate  that  sc  least 


le  phariucological  effects  of  reserpino,  the  phenothiaalnes. 


ocher  Types  of  antlpsychocU  agcnCB  aay  be  due  co  Iccerference  rich  the 
aetlOM  of  noreploephrlne  and  dopaolne  [1361.  Although  no  elnglc  unifying 
concept  has  yet  been  developed  to  ratlonallee  generally  acruetural  reguite- 
nence  for  paychotroplc  activity,  atructute-ectlvlty  relatlonshlpa  do 
provide  a modlcua  of  predlccabiUty  aaong  Individual  chealcal  elaeeea  of 
druga.  Stereochemical  cooslderaclone  aa  well  ea  aueh  phyalcal  propertlea 
aa  water  aoloblllty,  lipid-water  partitioning,  acld-baae  properclaa, 
and  aurface  activity  are  undoubtedly  golte  loportant  In  determining 
oeurophatmaeologlcal  activity  (1361.  Buaeroua  authora  hove  treated  the 
eubject  and  lea  different  aepecca  [134-136,143,144,146-168]. 

It  la  veil  eatabllahed  [134-136J  that  the  neurophacmacologlcel  activ- 
ity of  phenothlnalne  derlvatlvea  may  be  lofloencad  both  qualitatively 
and  quantitatively  by  the  aalnoalkyl  aide  chain  In  the  lO-pooItlon.  aa 
well  aa  by  nuclear  aubatltutlon  of  the  phanothlaelne  ring.  In  general, 
a haelc  amino  group  eeparaced  by  three  carbon  atoaa  from  the  phenothla- 
ilne  eucleoa  la  optimal  for  antipsychotic  activity,  Shortening  Che  chain 
length  to  two  carhona,  aa  well  aa  branching  of  the  ethylene  bridge,  de- 
creaeee  CNS-depreaaact  activity  and  enhancea  aotocomlc  effecta.  The 
nacura  of  the  baalc  emlco  function  lo  the  aide  chain  may  Influence 
antipeychoclc  potency  of  phenothiaalne  derlvatlvea  to  a conaiderable 
extent,  wtch  e boelc  tertiary  amino  auhatltuent  exhibiting  maximum 
potency.  Introduction  of  a variety  of  aubaticuenta  Into  the  2-poaltloo 
of  a lO-amlnoalkylatod  phenothlatlne  may  elgnlflcancly  affect  neuroleptic 
tto  in  rata  ahowtbat  2-aubatltutlon 
apprcalmetely  the  following  order  [136] : 


potency.  Condltloned-reeponae 


n several  different 


copditloned-response  pcpcadures  and.  1b  addition,  chs  order  may  be  Influ- 
eneed  by  the  10-aalnoalkyl  nolecy  (1361.  The  aoclpsychotlc  poconcy  of 
phenothlaalne  dartvatloes  may  be  enhanced  by  Introduction  of  an  appro- 
priate Bubstlruent  in  the  3-poiltlon,  but  thU  effect  la  Buch  leaa  algjilt- 
icant  chan  that  for  the  2-poaltion.  Subaclcotloa  of  the  4-poalclon 
apparently  decreasee  CNS-depceeannt  propertlea  aoBetdiat,  ehlle  the  effect 
of  1-aubaclCutIon  on  paychopharmacologlcal  activity  haa  not  been  atudled 
eateoBlvely  [i36). 

The  great  dlveralty  of  the  acructurea  of  the  varloua  typea  of 
aeuroleptic  druga  relaea  a oajot  obacacle  to  analyeie  of  atruccucal 
reqiilreieencs  for  neuroleptic  activity.  In  the  caee  of  Che  phenochlaainea. 
the  phacoiacology  ia  exceedingly  complex  aad  Che  drugs  affect  many  dif- 
ferent physiological  sitae  (1351.  For  instance,  Che  substituted  pheno- 
thlaalnea  act  In  Che  central  nervous  systen,  causing  sedation  (without 
snestheala  or  hypnosis),  blocVadeof  conditioned-avoidance  behavior, 
ancleiaecic  effects,  teBperature  regulation  alcoraclon,  changes  in  skeletal 
Buscla  tone,  an  antipruritic  effect,  analgesic  effecca,  facilitation  of 
aeliure  discharge,  and  endocrine  alterations.  The  pheoochiatlnaa  also 
act  on  the  auconoBlc  nervous  systen,  causing  cholinergic  blocking  effects 
St  aleocinic  and  muscarinic  receptor  sites,  adrenergic  blocking  and 
poceoclaclng  effects,  anclhlsCBBlnlc  effects,  antlseroConln  affects,  and 
prevention  of  the  uptake  of  biological  aoloes  such  as  norepinephrine 
into  tlesues.  The  actions  of  various  other  drugs,  such  as  alcohol, 
barbiturates,  and  Borphlne,  are  potentiated  by  the  phenothlarlnes.  The 
phenothlazinea  also  act  as  local  anesthetics, 
complicate  ostters  more,  the  phcnothlcxlnoa  differ  both  quallts- 


tlvaly  and  quantitatively 
pharaacologlcal  effects  |1 


of  conconlcaAC  adverse  aide  eEfeccs  such  as  agranulocyroais,  phocoaenal- 
tlvlty,  eKtrapyramldal  sympcora.  Jaundice,  and  pigmentary  cetlnopathy. 

The  uae  of  phenochlaalne  itself  In  human  therapy  is  precluded  due  to 
Its  toalelty  In  producing  aoemie,  hepatitis,  and  undesirable  dermatolog- 
ihal  cesctlona,  although  it  is  still  used  in  veterinary  practice  aa  an 
anthelmlotlc  (135] . Bomlno,  Hudaon,  and  Zografl  1135)  have  etaced  elo- 
quently that  the  substituted  phenothletines  are  "a  true  Pandora’s  box 

Structutal  features  that  have  been  found  to  be  necessary  for  potent 
neuroleptic  activity  in  the  series  of  phenochlaalne  derivatives  and 
their  analogs  ace  (1)  a tricyclic  ring  system  with  either  a eix-  or  aeven- 
neobered  central  ring,  (2)  a ehein  of  three  atoms  Joining  a cemlnal 
amino  group  to  the  central  ring,  and  (3)  e substituent  such  as  chloro  or 
tclfluoromethyl  at  a position  Beta  to  the  atom  of  the  central  ring  from 
which  the  side  chain  projects  U36J.  Variation  in  any  one  of  these 

erable  extent.  Next  to  the  phenothlarlnes  one  of  the  most  ioportant 
groups  of  neuroleptic  agents  is  the  butyrophenones,  of  which  haloperldol 


l8  the  prciCDCype  (136). 
logical  properties.  It 


The  butyrerpheoones  eri 


! quite  dlffereot  Iron  Che 
I wiay  of  cheir  phartsaco- 

aad  In  che  ssDe  wey  with  the  sices  ac  which  Che  phenochiaelnes  Incerscc, 
hue  If  chey  do,  seruccucsl  requlrecDenCs  for  neucolepCic  activity  would 
he  rachec  aonapeclflc,  as  la  true  for  local  aneacheclca  [U61.  Clearly 

cask  la  aweaoeely  complex  and  extraordinarily  Incrlgoing.  loteeslve 
research  will  hopefully  lead  Co  a basic  underacandlng  ol 
processes  uoderlylag  physiological  drug  action  In  Che  fi 


Nucleic  acids,  discovered  In  1869  by  Nlescher,  vl 
eocpoocles,  fleh  spare,  and  other  biologic  eacerlal.  i 
large  eacroiaoleoules  (169-171).  They  are  aiaong  the  largest  m 
known  and  have  eolacular  weights  measured  in  billions  of  dalcona.  In 
aooe  Bleroorganlama  It  Is  believed  that  all  che  deoxyrlboouclelc  add 
CDNA)  axleCB  as  a single  molecule  with  molecular  weights  ranging  from 
10  to  10  or  even  in  excess  of  10  dslcons.  Nucleic  acid  aclecules  ace 
setongly  acidic  and  at  physiological  pH  tarry  a high  density  of  negative 
charge.  As  a result,  chey  are  found  aasocloted  In  the  cell  with  various 
cationic  species,  frequently  with  basic  proteins  such  as  the  hlacones, 

oc  spermine, 

very  oommonty  with  the  alkaline  earth 


H2N(CK2),NH2,  spermldino,  H2N(CH2 
HjN(CH2)3KHCCH2)4MH(CH2)3SH2.  and 


.c  acid  are  deoxyribonucleic  acid  <DKA1, 


In  approxlAately  15  pert 


rent  nicrcgen  and  10  percent  phosphorus, 
ms  bases,  which  are  subaclcuted  purines 
luse  a serous  absorption  lo  the  IfV 

■t  D-rlbose  in  RK*  or  2-deoity-D-rlboae 


Pyrimidine 


(C)  and  Che  pucleea 

cyccBlpe  and  ucacll  <U). 
compoae  an  overwhelolng  amounc  of  evldei 
occurring  polynucleotides,  particularly 


lA  being  the  pyrloldlncs  chymlne  Ct)  and  cytosine 
lenlns  (A)  aod  guanine  (G) , uheceas  most  RHA 
purines  adenine  and  guanine  and  the  pyrlnldlnes 
I).  Careful  eniymaclc  and  chealcal  degradations 
indicating  chat  naturally 
; two  types  of  nucleic  acids 


Thynlne  Cytosine 


Adenine  Guanine 


■e  nonoeeric  nucleotide  residues  are  linked  Co  one  another  by 
phosphate  groups  ^ 3',5 ’-phosphodleater  bridges  between  the  pentoses 


Most  of  the  cellular  DHA  le  concentrated  ii 
organieos  except  viruaea  and  bacteria,  uheraaa  RRA  la  found  In  alMat 
all  cell  fractlona.  Chloroplaata,  mltocbondrla,  and  ocher  large  organellea 
which  are  potantlaUy  eelf-reproduclag  have  been  found  to  contelo  extta- 
nueloar  DNA.  Deoxyribonucleic  acid  In  bacteria  appeare  to  be  praaent  In 


one  to  three  aggregates  or  nucleolda 
coneected  to  Ita  Beal}raneJ . In  thoat 
found  to  occupy  the  central  region  ol 
etruceure.  For  all  thane  organlsoa  i 
naterial,  the  genetic  Infomaclon  being  both 

the  various  phases  of  protein  bloayntheala. 

Although  the  cheaical  eonstltuency  of  no 
long  dee.  the  structure  reealned  elusive  unt 
Inveaclgatloos  of  Chargaff  and  LlpshUa  1175] 
a large  variety  of  DNA  eoleoules  Isolated  froi 


ie  cellular  Inter 

ir  spherical  or  pc 
believed  that 


he  pioneering 
e coepoBltioo  ol 


several  generalisaclonB  vhieh  1 
be  sunenarlzed  sa  followa  [169]: 

la  characterlatic  of  chac  organism  Csgeclea} . 


thoroughly  confirmed.  These  may 


0 Different  e> 


a particular  organism  hi 


Identical  or  at  least  closely  related  nucleotide  base  composition;  more- 
over, Che  base  eompoelclon  la  unaltered  by  age,  development,  nutritional 
state,  and  all  ocher  environmental  or  physiological  taecors. 

(c)  From  organism  to  organism  the  actual  base  composition  varies 
widely  from  about  25  to  75  mole  percent  (0  + C) , the  variation  being 
greater  for  bacteria  chan  for  higher  organiems;  the  variation  Is  usually 
amprassad  by  cne  so-called  dlssymetry  ratio.  C*  + T)/(C  + c) . 

(d>  Closely  related  organlama  have  similar  nucleotide  beso  composi- 


(e)  Certain  chemical  regularities  defined  by  Chsrgaff's  rules  are 
exhibited  by  all  ''normal"  DSA  molecules:  (1)  A - T,  (2)  C • C (3)  A e 
• C + T Cpurinea  • pyrimidines),  and  C4)  A + c • G + T. 


(f)  Since  A+G+C-t-T*!,  a corollary 
chac  any  nucleic  acid  not  cmhiblting  the  above 
certain  unusual  structural  features. 


to  Chargaff’s 
regularities 


lices  exhibiting  sharp  end  regular  g-ray  diffraction 


, particularly  tl 
ok  (176,177)  pro; 


•ch  fit  together 


a radically  new  , 
R of  expressing  b: 


processes  In 


In  sqneous  solution  DMA  enlacs  prlnsrlly  In  the  B cooEonnstion.  which 
Is  one  of  several  double-helical  geometries  of  OKA  elucidated  by  fiber 
X-ray  diffraction  studies  1178].  In  the  B conformation  the  DNA  molecule 
consists  of  two  right-handed  helical  polynucleotide  cl 
polarity,  that  la,  the  Intemucleotlde  linkage  In  one  strand  li 
and  la  5 -*  3'  in  the  ocher.  The  two  polynucleotide  chains  ari 


precise  structural  chemical  terms  for  the  first  cine  I 
Che  eatalyec  for  the  revolution  In  biological  thinking  tl 
since,  and  Batson,  Crick,  and  Wllklna  wore  awarded  the  N. 


if  opposite 


cnnooc  therefore  be  separated  Into 
The  nucleotide  basea  lie  on  the  Ini 
a purine  on  one  chain  always  pairs 
vice  versa.  Only  certain  pairings 
spatially  and  these  are  A paired  ui 
pairs  being  hydrogen  bonded.  Since 

la  completely  derormlned  by  the  sequence  In 
characcerlred  by  an  overall  diameter  of  aboi 
stacked  ao  that  they  lie  perpendicular  co  cl 
allghcly  twisted  relative  Co  one  another, 
pattern  le  that  flret  defined  by  Watson  and 
helical  nzla  passes  apprnnlmataly  chrough  cl 


such  a fashion  Chat 


pyrimidine  of  Che  other  and 


pairing  relations  require  tl 


.a  Incerbasa  hydrogen  bonding 
rick  1176,1771  and  the 


being  right-handed. 


phoaph&tet 


depth  (neasuced  froa  Che  aurCace 
iQ  Che  fiber  er  gel  acaca  ch 

ac  relative  humldielea  leas  chan 
conflguracioD  ace  diced  above  20 
axis  and  are  also  displaced  oueva 


and  Che  anall  (minor)  groove  is  . 
och  grooves  being  shone  0.7  na  in 
f Che  enveloping  cylinder) - 
B oonforBaclon  of  DNA  readily  coi 
c decreased  relative  humidities  ai 


reseDblea  cl 


from  perpendlcularlcy  to  cbe  helical 
I from  Che  helical  axle  ulch  11  base 
per  residue  of  0-282  nm.  The  A conformaclon 
double-scranded  RhA  ac  100  peresne  relative 
conformaclon  la  elallar  Co  the  B conformation  bnt  has 


At  preaaac  it  la  thought  chat  native  DNA  may  well  exist  In  solution  In 
a variety  of  differing  conformatloiis  teaembllng  the  B form  established 
by  fiber  X-ray  diffraction  but  which  differ  In  Copologlcal  detail  depending 
on  solvent  environment  or  local  base  sequence  variations. 

As  might  be  expected,  the  years  since  the  work  of  Wacson  and  Crick 
[176,177)  have  seen  an  aver  expanding  llceracure  on  nucleic  acids  appear- 
Today  Che  study  of  nucleic  adds  and  chair  functions  and  inceractlons 
with  other  molecular  species  comprises  a broad  field  of  scientific  inquiry 
populated  by  researchers  from  an  ascoundlngly  large  number  of  formal 
dlscipllnea. 


■8  Progreaa  In  Nucleic  A. 


K (Academic  Press)  and  the  numeroue  r< 
research  papers  appearing  weekly  In  scholarly  Journalj 
complexity  of  dealing  with  macronolecular  nucleic  nclt 
approaches  from  many  different  atcltudea.  This  is  evident  from 


le  prollferaclon  of  the  results  of 
le  llcerecure.  Reviews  hove  sppeered 
e end  synthesis  of  rlbo- 


exeaples  ere  cited  to  lllustrste  tl 
nucleic  acid  research  throughout  tl 
on  the  eukaryotic  chrooiosoBe  [179], 
acBsl  RNA  [180],  the  sequence  atialysie  of  transfer,  rlbosomal,  and  virel 
RMA  [1811.  Che  physical  chenistry  of  nucleic  acids  [182],  the  interactions 
of  antibiotic  drugs  and  nucleic  acids  [183],  the  biosynthesis  of  DNA  [184], 
circular  DHA  [1851,  transfer  R»A  research  [186],  DNA-proteln  Interscclona 
[178],  WA  replication  1187),  aitochondrlal  nucleic  acids  [188],  the 
structure  and  function  of  bacterial  rlbosones  [189],  in  vitro  transcription 
of  various  types  of  DNA  [190],  restriction  or  degradation  In  bacterlue- 
iofected  cells  end  host-controlled  Dodlf ications  of  DNA  [191],  the  rele- 
vance of  tranafor-RNA-dependenc  translational  control  of  protein  syntheala 
to  the  aging  process  [192J,  the  tranacrlptlon  of  reiterated  DNA  aequance 
classes  throughout  tl«  life  span  of  the  isouse  as  an  approach  to  a working 
hypothesis  of  senescence  [193],  the  sttucture  and  function  of  phage  RNA 
[194],  the  necabollsie  of  nuclear  RNA  [195],  Che  structure  of  chrooosoiDea 
and  chroDoaome  fibers  [196],  electtonmleroacopy  of  genetic  activity  [197], 
regulation  of  transfer  RNA  [198],  the  electronaicroscopy  of  DNA  [1991, 
methods  of  gene  Isolation  [200],  the  replication  of  circular  DNA  in 
eukaryotic  cells  [201],  and  DNA  sequencing  techniques  [202).  Clearly 
nucaeic  acid  research  is  one  of  the  most  encltlng  end  dynamic  areas  of 


The  Interaction  cl  DS'A  with  Other  Molecules 

Since  nucleic  acids  are  polyanions,  they  muat  be  accompanied  by  the 
appropriate  number  of  caclons  in  their  vicinity  to  siaincain  elcctroneutrallty 


[L69J.  Nuaeraus  invyacigaclbnp  have  ahown  chat  Dh 
cacioDS,  cercala  dyes  and  antibiatica,  polyanlaae. 


11781, 


backbone  1189,178).  The 
ai  aCDOsphere 


le  alkaline  earth  catlona,  euch  aa  Ng^*  and  Ca^*.  hind  electtoetatlcally 
le  negatively  charged  phoaphace 
It  catlona  ace  looaely  bound  and  form 
e phosphacea,  but  more  tightly  bound 
catlona  each  aa  Hg  and  Hn**  lom  etolchlooecrlc,  alce-boond  conplenea 
with  the  phoaphnte  groupa  [169.178],  Certain  aetal  Iona,  auch  aa  Ag*. 

Hg  , Cu  , and  2n  , eichlblt  additional  binding  feacurea  bealdea  the 
aliiple  electroataclc  Inceractlona  with  phoaphate  groupa.  Theae  lone 
appear  Co  recognlae  eddlclonal  functional  gcoops  of  CNA,  ahou  baee  apeclf- 

binding  mechanlaaa  are  ofcan  very  coaplex  and  can  differ  In  mono*  and 
polynucleocldea  U78J,  Raaearch  on  the  interaction  between  poattlvely 

. Polyamlnea  oecuc 
with  DHA  In  vlruaea  and  prokaryotic  organlana  and  baaic 
polypeptldea  can  be  viewed  aa  olnpllfied  eodela  of  at  leaat  aone  of  the 
Inceractlona  with  DHA  of  the  hlaconea  and  protaolnea,  which  ere  an  Inte- 
gral part  of  the  eukaryotic  chronoaooe  [169.178).  Theae  acudlee  are  of 
peripheral  Incereat  to  the  preeent  work  end  derailed  review  la  beyond 
Che  acope  of  the  preaent  atudy.  The  binding  of  certain  dyes  and  antibio- 
tics la,  however,  directly  relevant  to  the  preaent  work. 

The  Interaction  of  nnnlelc  acids  with  certain  polynuclear,  aromtlc 
planar  cationic  fbasic)  dyes,  auch  aa  the  acridines  (proflavine,  acridine 


charged  polyantlnea  end  polypeptides  and  Di 
biologically,  the  Inceractlona  are  of  aosi 


t lacer^sc.  Dyes  of  cl 


been  used  es  biologlcel 
declng  visible  DKA  or  Rf 
[1691 . The  subject 
cecencly  being  recocted 

ss  highly  selecclve  and 
producing  eddlclone 
DNA  replication  end 
Inceractlone  are  possible  I 

parallel  to  the  nucleotide 


19  capable  of  binding  to  and  thereby  ran- 
vircue  of  Cbelc  absorption  or  fluorescence 
! of  pressing  Interest,  results  [2031 
biophysical  studies  of  the  comson  technique 
;h  qulnacrlne.  Such  dyes  are  also  recognised 
i potent  eucagens,  being  capable  of  apparently 
deletions  of  single  nucleotides  in  the  course  of 
specific  Inhibition  of  this  procees.  Several 


w dye-DNI 


•ch  a single  positive  charge  on  the  dye 
he  phosphate,  with  the  dye  essentially 
thereby  increasing  the  dlaaeter  of 


the  hells.  A diposltlvely  charged  dye  eiolecule  isay  linn  up  along  the 

on  opposite  chains  and  thereby  enhance  the  acabillty  of  the  helix.  A 
third  alternative  at  lov  dye-D.SA  rscios  U that  e dye  isoleeolc  parallel 
to  the  Ducleotlde  bases  slips  In  hotueen  tuo  adjacent  base  residues  and 
in  this  Banner  Intrnnses  the  length  of  the  helix,  a process  colled 
Intercalation  by  It#  discoverer,  I.croan  |304,205|.  As  will  be  made  clear 


ehorcly.  It  is  this  process  of  Incerealaclon  wlileh  Is  of  vital  Interest 
to  the  present  study.  As  the  dye-DNA  retie  increases  dleerlc  end  polynerlc 
dye  aggregstes  stacked  on  the  outside  of  the  helix  opposite  to  adjacent 
phosphate  residues  and  pecpendlculsr  to  the  helical  sals  ace  feued  fWP], 
Interealatlve  gtadlne  re  OKA 


It  Is  well  knovn  [178]  that  planar  dyes,  such  as  Che  acridines  or 
ethldlutt  broKlde,  as  well  as  the  planar  aroMCle  hydrocarbons,  can  hind 
to  Che  Intact  WA  hellr  by  Intercalation  between  neighboring  nucleotide 
base  pairs.  This  Is  the  strongest  type  of  binding  observed  (about  6 to 
10  kcal/aole  for  the  amlnoactldlnes)  and  is  favored  at  low  ratios  of  dye 
to  KIA  phosphates  and  at  high  salt  conoenttatlona,  Incercalaclon  as 
described  by  Lenten  [204,2051  refers  to  the  ability  of  these  nolecul.s 
Co  bind  to  DNA  by  sliding  between  adjacent  base  pairs  In  Che  DNA  hells. 

To  acconmodace  an  aalnoacrldlne.  for  example,  the  DNA  molecule  suet  unwind 
slightly  (ie‘),  enabling  the  adjacent  base  pairs  to  separate  Just  far 
enough  (0.34  nm)  to  allow  the  amlnoacrldine  molecule  to  fit  In.  The  DNA 
molecule  becomee  longer  and  atlffer  on  binding  an  IncercaUclng  dye.  As 
a result  sn  Increase  In  the  viscosity  of  DNA  solutions  and  a decrease  In 
Che  race  at  which  KiA  aediments  in  the  ulcracentrlfoge  ere  observed. 

These  two  effects  on  the  hydrodynamic  behavior  of  DNA  are  Indicative 
of  en  Interealatlve  process  and  have  become  Important  es  diagnostic  fea- 
tures of  Che  Intercalacfue  process.  A schematic  represencaclon  of  the 
Hncaon-Crlck-Kllklns  double  helix  of  DNA  with  plenar  aromatic  molecules 
Intercaleced  between  edjecenc  nucleotide  bese  palre  ie  ehown  in  figure  23 
It  Is  now  clsar  choc  s large  number  of  drugs  and  antlbloclos  utilize 
Intercalation  to  bind  to  DNA  [206J.  Besides  the  sminoacrldlnes,  pcolla- 


scrldlne  yellow, 


Schematic  cepceaencflcion  of  Che  Vacaon-Ccick-WilkloB  double 


Intercalating  agents  In  this  claae  Include  [2061  tie  trypanocldea, 
ethidlua  and  propidlua  bronldea,  ancituaor  antibiotics  such  as  dauoe- 
lycln.  nognlomycln.  and  actlnonycln  (a  particularly  uoll  charactarlied 
case  In  which  the  phsnoxatone  ring  syatea  Intercalates  [207]),  the  antt- 
nalarlsl  drug  ehloroguine  (recent  reaults  deaonettate  that  In  chloro- 


appears  t 


>e  eeseorlal  t> 


:o  slgnlllcanrly  Inhibit  the  RNA  polyaeraae 
reaction  and  ales  chat  there  la  a correlation  between  the  length  of  the 
Bide  chain  and  gKA  polyneraae  Inhibition  [208]).  hycanthone  (a  possible 
hydrosylated  aecabollte  of  the  antlschlstosoBlte  Hlracll  D) , and  possibly 
Che  steroidal  dlaalne,  irehdlanine  A.  Ohnlshl  and  KcCoonell  (20?Jhsve 
denonscrated  that  the  radical  cation  of  Che  phenochlaelne  neuroleptic 
chlorproMtlne  binds  to  DNA  via  Intercalation.  This  result  foras  the 
basis  of  Che  present  study  and  will  be  discussed  in  sore  detail  later. 

Von  Hlppel  and  McGhee  [178]  report  Chat  no  base  specificity  has 
been  obaerved  for  the  Interealeclon  reaction,  sc  least  for  echldtus 
btoadde  [210],  proflavine  (2111,  and  acrlflavlns  [212J.  Reports  chat 
acridine  orange  and  proflavine  preferentially  stablliie  dA’T-rich  DMA 
Bolecules  against  theraal  denaturatlon  [213]  could  conceivably  be  due  to 
a decrease  In  the  dye-D»A  binding  constant  with  increasing  tesperacure 
[1781.  However.  Che  problei  is  by  no  scans  a ilople  one.  In  sany  cases 
the  ability  of  dyes  to  Interact  with  nucleic  acids  appears  to  depend 
prlsiarily  on  cbe  conf orsiaclon  of  the  specific  polynucleotide  sctnccuree 
Involved  rather  Chao  the  chesical  structures  of  the  constituent  nuclao- 
tldee  [214[.  On  this  basie  Aktipis  and  Karts  (214J  quote  Wells  [2151  in 
saying  chat  the  preferentiaL  binding  of  actinoaycin  to  DSA  of  high  (c  + C) 
a specific  conformation  characteristic  to 


binding  specificity 


le  node  of  binding  o. 


accloonycln,  a cycllc-polypepclde-contalnlog  onclbloiic.  Co  BKA  haa  now 
boeo  very  thoroughly  eheracterleed  and  the  najor  (eotures  of  the  binding 
ace  aa  follovs  1207]:  (a)  the  Incercalaclon  of  the  phenoxaione  ring 

systen  on  aetioonycln  bacveen  S-C  aequenoes  In  DXA.  (b)  the  hydrogen- 
bonding Interaction  becueen  the  peptide  chain  and  the  nucleic  odd,  the 
peptide  portion  of  the  antlnoByclo  molecule  lying  In  the  olnor  groove 
of  the  DBA  helix  and  being  hydrogen  hooded  Co  dooxygoanoalnea  on  opposite 
DNA  Btraods,  and  (c)  Che  twofold  axis  of  symnecry  relating  pentapepclde 
chains  on  the  actlnoitycln  molecule  coinciding  with  the  twofold  axis  of 
ayamietry  on  DNA,  The  most  dramatic  and  fundaoental  prediction  of  the 
Chteo-dlaienslonal  model  of  actinomydn-DNA  binding  la  that  actlnomydn 
should  preferentially  bind  alremoting  G-C  base  sequences  In  DMA.  Here 
le  binding  mechanism  depends  Intimacely  upon  the 
e Interoalatlng  molecule  and  the  nucleotide  base  sequence. 
The  necessity  of  Che  amino  group  In  the  purine  2-pooiclon  la  a clear 
Indication  of  base  specificity  in  this  case. 

Becent  studies  by  Gabbay  and  coworkera  [216,217]  havi 

In  DNA  and  that  specific  baee  recognition  can  influence  an  Intercalative 
mode  of  binding.  As  a result  of  the  Wacson-Ctlck-Hllklna  double  helical 

[216]  that  there  are  can  distinctly  different  aitee  available  on  the  DMA 
helix  to  Intercalating  molecules.  There  are  three  sites  with  A-T  beae 
pairs  only,  three  sites  with  G-C  base  pairs  only,  and  four  sites  with 
both  A-I  snd  C-C  pairs.  It  Is  theoretically  feasible  then  for  a given 
intercalating  agent  to  heve  different  affinities  for  anch  of  the  ten 
poeeible  binding  sices.  Gabbay,  DeScefauD,  and  Sanford  1216]  axomlned 


intercolacing  "reporter"  noleculee 


ualng  binding,  optical  absorption,  and  circular  dlchrolsm  (CD)  ocudtea. 

The  data  (216]  Indicated  that  the  crlf luoronethyl  aubscltuenc  Is  more 
aelecclve  for  specific  intercalating  eltea  than  the  other  three  aubacttuente. 

Importance  In  the  recognition  proceesea  involved  in  protein  interactions 
with  nucleic  acids  (2161-  Although  simple  electrostatic  and  hydrogen^ 
bonding  interactlone  with  DNA  cannot  by  theeaelves  be  very  aelecclve. 

In  ccmblnatlon  with  selective  binding  such  as  the  intercalation  of  pro- 
tein aromatic  reslduen,  DNA  sequence  may  well  be  recognieed  (216).  The 
boohmark"  hypothesis  of  Broun  (21B]  is  thns  quite  reasonable,  especially 
If  the  "bookmarks"  (protein  aromatic  residuee)  could  also  recognise  Che 
n (216).  Gabbay  and  couorkera  (217] 


possible  on  the  DKA  molecule.  The  Intercale- 


subatlcuccd  M-mechylphunanthrolInlun  cations  of  the  following  type  where 

Che  R-posltlons  provided  a variety  of  probe  siaes.  The  inceroctions 
between  nucleic  acids  of  different  base  composition  [N.  lutcus  DNA  (2B 


studied  by  melting 
Ineercalntion  nf 


percent  A-T) , eelmgn  apera  BMA  (58  percent  A-t> . cal 
percent  A-T),  and  poly  (dA-T)-poly  CdA-T)  with  a lOO 
end  the  aromatic  N-aethylphenatbrollnium  caclona  wen 

CD,  equilibrium  dlalysla,  and  vlacometrlc  techniquea. 
the  planar  cations  was  indicated  by  total  broadening  of  the  proton  KHR 
spectrum.  Increased  vlecosity.  Induced  CD,  and  erceoalve  ecablliiatlon 
Selective  Inceractioos  with  DNA 
mbec  and  position  of  S-substicuents 
y substituted  ayatems  exhibited 

:T  viscosity,  and  enhanced 


toward  denaturatlon. 
a function  o. 


higher  affinity,  greater  scablllaatloii,  h 
binding  to  C-C  and/or  e combined  S-C/A-T  intercalation  site.  From  thesi 
results  Cabbay  and  coworkere  111?)  concluded  that  adjacent  nucleotide 
base  pairs  may  separate  by  dlstanoea  greater  than  0.68  nsi  In  order  to 
accoBBodate  a bulkier  Inteccalstiog  cation.  For  example,  with  R - R > 
Rj  - Rj  - -CHj.  a separation  distance  of  at  least  0.76  nm  Is  required  fi 
intercalation  to  occur,  A novel  model  is  proposed  in  explaining  Che 
viscomecric  dace  in  chat  a nonunlfora  thickness  of  the  substituted 
aromatic  system  will  not  only  lead  to  a lengthening  of  the  DRA  helix  up: 


intorcalaclon  but  win  site  cause  a slight  bending  of  the  hell*  sc  the 
.n  (217). 

if  Inccrcolatloo  Is  evidently  of  major  importance  in 

examples  cited  above  amply  lllustrata  the  nature  of  Che  binding  and  the 
vork  being  done  at  praeent  in  elucidating  the  process.  A thorough  under- 
Btsndlng  of  Che  Incercalaclve  process  should  lead  to  a more  complete 
erplanatlon  of  some  of  the  most  elegant  of  molecular  biological  processes 
undaclylog  the  fundamental  mechanisms  of  living  organisms. 

Drua-Mscronolecular  Interacctons 


Considerable  evidence  nov  erlata  Co 
erect  vitb  macromolecules  throughout  a 


C219].  Neuroleptic  agenca  td 


uggesc  chat  drugs  combine  or 

combine  with  a high  affinity  to  a large  number  of  macromolecules,  such 
aa  the  phenotbiaslaes  and  Imlpremlnc  [2191.  Numerous  scudiee  [219}  have 
shown  that  the  phenochiaalnes  Incetect  with  aerum  proteins,  drug-binding 
protein  of  electric  eel,  nerve  tissue  componenca,  casein,  egg  slbumlo, 
wool  protein  (s  model  for  nerve  receptors},  a large  number  of  ensymea, 
components  of  many  membranea  (particularly  those  present  In  nerves,  musclaa 
and  Junctions),  polyaacchorldes,  lipldp,  and  melanin.  Hele  [2201  found 
that  varlQua  aubacicuced  phenothlatlnes  form  insoluble  complexes  with 
nucleic  acids,  particularly  near  pK  5.  the  Interaction  apparently  Involving 
the  negatively  charged  phosphate  groups  of  the  nucleic  acid  end  positively 
charged  side  chain  of  the  phcnothlatines.  Hagneslum  is  very  efficient 
In  suppressing  complex  formotlon,  whereas  11*,  N.n*,  and  K*  can  either 


Ths  luterectloo  ol  th«  todical  Mtloq  of  chlotproMifoe  wtch  MiA  Is 
of  Interest  beeagse  It  has  been  proposed  that  the  radical  cation  nay  be 
responsible  for  the  psychottoplc  activity  of  the  dros  [2211.  A number  of 
In  vitro  eaperlmentn  have  Indicated  that  lutetactlons  of  the  pbenothlasijie 
radical  species  occur  not  only  with  DNA  (2091  but  also  vltb  HADB  (reduced 
nicotinamide  adanioe  dlnucleoclde) , malaoln,  and  eneymea  (1251.  On  the 
other  hand,  It  la  known  chat  numerous  phenothlallne  analogs  that  arc  very 
poor  electron  donors  also  eihlbit  potent  neuroleptic  aetlvlcy.  Pot 
Instance,  the  dlhydroanthracenes  would  require  a highly  energetic  process 
In  order  to  lose  en  electron  and  their  radlcaln.  If  generated,  would  be 
much  less  stable  chan  those  derived  from  the  pbenothlailnes  (136J, 


McConnell 


present  study  Is  sn  extension  of  the  work  of  Ohnlshl  ai 
he  Intercalattve  Interaction  of  the  CPZ  radical  cation  with  DSA 
cd  by  Ohnlshl  and  McConnell  [2091),  as  well  as  chat  for  two  other 

effort  CO  not  ooly  elucidate  tbs 
phenocbfaalne  drugs  but  also  to  develop 


phenochlazlnes,  trif lupromaelne 

Interaction  with  D.VA  of  chesa  ct 
a Bimple  technique  whereby  electron  apln  resonance 
the  Interectlon  ol  eromatlc  tedlcils 


TrlflupicFMsloB  Mechloneprailne 


CHAPTER 


Experlnsncally  this  work  ooocsrns  the  study  of  the  Icitsrseclon  of 
rsdicBl  cations  of  phenochlazluu  drugs  with  ouclalc  acids.  A Saga  Hodal 
355  syclnga  punp  Is  used  to  flow  solutions  of  tha  drug-nuclelc-acid 
coapUxes  through  the  resonance  cavity  of  a Vsrisa  E-3  ESR  speccrooeter 
(9.5-CHc  microwave  bridge,  100-kHs  modulation).  Analysis  of  the  ESR 
spectra  of  the  complexed  drug  radical  cations  pcrmlce  conclusions  to  be 
made  shout  the  nature  of  the  binding  In  the  complea.  For  purposes  of 
presentation  It  is  convenient  to  divide  discussion  of  the  eaperlmental 
aspects  into  two  sections.  The  present  discussion  will  be  concerned  with 
general  experimental  aspects,  such  as  eoutes  of  materials,  procedures 
for  sample  preparation,  and  so  forth,  i*lle  a detailed  dlscueston  of  the 
flow  system  will  be  presented  in  Chapter  VIII. 


Materials 


Chlorpromaslne  hydrochloride  end  trlflupromatlne  hydrochloride  were 
obtelned  from  Smith  Kline  i French  Research  laboratories.  Methlosepraiine 
hydrochloride  was  obtslned  from  RhSne-Ponlcnc.  Salmon  sperm  DKA  <SS-DNA) 
and  calf  thymus  DMA  (CT-DNA)  were  ohcalned  from  Vorthington  Riochemlcal 
Corporation.  Pntasslum  persulfacs  fK.S.O-)  analytical  grade  reagent  was 
obtained  from  nallinckrodt  Chemicel  Works.  Fremy's  salt  (potassium 


nIcrosodisunoMCe,  Kj(  CSOj) ^KOJ)  »»  obcalied  fro.  K 5 K Uboratorle. 
and  aohydroiia  aodiu.  carbonate  (HSjCOj)  was  obtained  fro.  FUhec  Scientific 
Company.  The  g-faccot  standard  2.2-dlphenyl-l-pIccylhydraayl  fDPPg)  was 
obtained  from  Eastman  Organic  Chemicals.  All  reagenta  were  used  without 
further  purification.  ONA  aomplea  were  kept  frozen  prior  to  use  and  the 
pbenothieclne  drugs  were  scored  under  refrlgeracton  at  4'C. 


gb-purlty  Aoerell  qi 


I depth.  Overall  length  of  i 
at  the  cop  and  a 3/20  Joint  al 


3 syringe  pump  w« 


.1  ground 


Lass  and  the  following  sizes  were  used:  0.25,  0.50,  1.0,  3 5 10  20  30 
id  SO  cc.  Syringes  were  g-0  Nultlfit,  B-B  Tale,  Cysnamld  Surgical 

flK,  or  Surgical  Supply  Corporation  Hypo  Interchangeable, 
used  In  conjunction  with  theae  syringes  were  20  and 
I 12’a,  reusable  locking  type  hypodermic  needles  from 
Id  25  gage,  l/4-lnch  I2'a  from  Hypo  Surgical  Supply 
occanlonslly  used  were  Perry  blood  collecting  seedlea, 

1,  manufactured  by  HPL,  Inc.  All  needles  were  staln- 


Products  Division 


Prcpper  Kfg. 
Corporation. 


ESB  aqueous  solution  flow  cell 
were  made  fro.  Teflon  supplied  by  ch 
of  Chemistry,  University  of  Plorlda, 


frames  (see  Chapter  VITl  for  details) 
e Hachlne-lnstruoent  Shop,  Department 
Galneaullle,  Florida.  Caplllnty 


(0.0250  inch  I.D.,  0.0500  inch  O.D.),  or  was  Hoiallcon  Teflon  needles. 
The  Hastllcon  Teflon  tubing  cooes  equipped  with  Kel-F  hubs,  t^lch  can 
bo  used  rather  than  a hypodermic  needle  to  connect  the  tubing  to  a 
syringe.  Unfoctunately.  the  Kel-P  hubs  could  not  be  used  with  the  flow 
system  because  fluid  pressure  collapsed  the  cubing  flange  between  hub 
and  syringe,  thereby  retarding  or  completely  blocking  eolucion  flow. 
Hamilton  Teflon  needles  used  were  KPIOT?  (nomloel  I.D.  0.013  Inch  wall 
Chlcknoaa  0.009  Inch,  wall  tolerance  ±0.002  Inch).  KF22TF  (nominal  1.0. 
0.027  Inch,  wall  chlcknese  0.009  inch,  wall  tolerance  10.002  inch), 
KF20TF  (nominal  1.0.  0.DJ4  inch,  wall  chlcknese  0.012  Inch,  wall  toler- 
ance 10.003  Inoh),  and  KF19TF  (nominal  1.0.  0.038  inch,  wall  thickness 
0.012  inch,  wall  tolerance  ±0.003  inch).  Tubing  used  Co  construct  a 
DPPH  probe  (see  Chapter  VIll  for  details)  was  polyethylene  intravenous 
tubing  (0.023  inch  T.D.,  0.038  loch  O.D.)  obtained  from  Aloe  Hedlcal. 
Samples  were  collected  ii 
through  the  Verier 


r 10-cc  groduated  ti 


a of  Pranaratlon 


DHA  Solutions 

Stock  solutions  of  SS-DNA  or  CT-DNA  with  r 
appronlmately  2.5  mg/nl  were  prepared  by  adding  an  appropriate  quantity 
of  DHA  to  the  desired  volume  (usually  25-30  ml)  of  distilled  water.  Gentle 
overnight  stirring  with  a Teflon  magnetic  stirring  bar  was  sufficient  to 
bring  Che  polymer  into  solecioc.  Stock  solutions  were  stored  under 
refrigeration  at  4’C  escept  during  use.  DKA  concenttationa  wore  deter- 
mined spBccrophocometrlcsUy  using  either  e Caty-15 
Beckman  Acta  CIII  apetctophocometer.  SampLea  were  prepared  f 


decenniMCioo  iy  diluting  a 0.2  nl  portion  of  DNA  stock  solution  to  10 
sil  with  0,1  H 2-(N-inocpholino)ethaneBulfonlc  odd  (!IES)  buffer  (0.05 
M Na  , pH  6.2),  a gift  from  Dr.  E.J.  Gsbbay  (Departoent  of  chenlatry, 
Unlvarslty  of  Florida,  Galoasvllla,  Florida).  The  abaorbanea  was  oea- 

belng  the  MES  buffer.  Concentrations  were  readily  detenaised  froo  the 
Beer-Lanbert  relation  using  e(P)  - 6500  1/ool/eo  for  SS-DNA  [222J  and 
e(P)  • 6600  I/eol/os.  for  CT-DHA  (1691.  where  e(P)  la  the  »olar  entlnttlon 
eoefficleot  of  DNA  on  a oonooucleotlde  (phosphorous)  basis.  DNA  stock 
'f  nucleotide  base  pairs  of 


solutions  typically  hj 


trlfluprontasine  (TFF), 
Cotalas  I223-22S).  Fersul- 


Phenothlaslne  Drue  Radical  Ceclone 

The  radical  cations  of  chlorpromeslne 
and  nethloBeprarlne  (MMP)  were  prepared  by 
sulfate  fallowing  the  procedure  of  Borg  and 
face  quantitatively  oxldlrea  the  drugs  Co  c 
225).  Detella  of  Che  preparacloo  of  the  CP 
ao  llluacratlve  exanple.  A 0.02  M solution  of  CPZ  was  prepared  by  dis- 
solving 0.03553  g of  CPZ  hydrochloride  in  5 ml  of  distilled  water.  A 
0.01  M aolution  of  NjSjOj  wae  prepared  by  dissolving  0.02703  g of  KjSjOg 
In  10  ml  of  dletllled  water.  Allqnots  of  these  two  stock  solutions  were 

of  Che  persuif.te  anion,  S^Og",  was  0,005  H.  As  the  two  eolorlsss  solu- 
tions of  reactance  wore  mixed,  there  waa  an  Initial  white  clouding  of 
Che  aolution,  followed  within  sevorsl  acconds  by  deepening  red  coloreclon. 
Following  several  minutes  nf  swirling  Che  solution  In  the  reaction  flask 
chroDogenesin  cessed  and  Che  rad  solution  bsrame  trsnsperenc.  The  redox 


reaction  occurring  can  be  rcpraeented  by  the  equaclon  2CPZ  + SjO  “ * 


eing  docolocatloB  of  the  aolution  ulch  the  yaiaage  of  die.  Slnllar 
Qbaervaclons  are  obtained  when  prepacing  TF?  and  MMP  radical  catlona  by 
pecaulface  oaldatlon  except  chat  the  color  of  the  teaultlng  tranaparent 
aolution  la  golden  brown  for  TFP  radical  caclons  and  blue  for  MHP 
Drue-IWA  Complexes 


Drug-DMA  coaplexee  were  prepared  by  adding  freahly  foneed  aoluclone 
of  tadical  cation  Co  atock  aoluclone  of  SS-DMA  or  CT-DNA  such  that  Che 
nucleotide  base  pair  to  radical  cation  ratio  (BE/R)  was  approilnately  5 
after  the  procadote  of  Ohniohl  and  McConnell  (20»J.  The  solution  pH  In 
all  cases  was  5.0  - 5-4,  as  aeasured  with  a Beckman  Zeromaeic  11  pH 
mecar.  DNA  stock  aolutlons  typically  had  a pH  of  about  6.8.  CPZ  hydro- 
chloride atock  aolutlons  (0.02  M)  of  pH  of  5.1,  aud  KjSjOg  stock  solutions 
(0.01  H)  a pH  of  4.7.  In  all  cases  the  radlcel  cations  of  CPZ,  TPP,  and 


»1P  ware  found  co  be  markedly  stabilized  by  the  presence  of  DMA  (see 
Chepter  IX).  This  is  In  eecord  with  the  results  of  Ohnlshl  and  McConnell 
[209].  The  coloration  characterlaclc  of  a given  rsdlnal  cetlon  persisted 
In  Its  BMA  complex  and  several  minutes  of  gentle  swirling  uauslly  suf- 
ficed CO  thoroughly  mix  drug  and  DMA.  Spin  resonance  experiments  were 
performed  Isnedletely  sfter  preparation  of  the  drug-BNA  complexes.  Solu- 
tions of  complexes  were  usually  stored  under  retrlgeracion  et  4'C  after 
Initial  use  end  could  be  used  repeatedly  thereafter  for  severe!  weeks 
without  appreciable  differences  appearing  in  the  ESR  spectra  obtained. 


The  stability  of  the  phenothlaxine  radical  cations  is  strongly  depen- 
dent on  pH.  It  Is  well  known  chat  the 


radicals 


end.  Indeed,  can  readily  he  generated  by  oxidation 
chloric  or  aulfurlc  acid  1223-2271,  Plette,  Bulov 
ueed  ESK  opeecroscopy  In  ecudying  Che  CPZ  radical  c 


femaaaki  [221J 
formed  during 


blllty  01  the  CPZ  radical  cation  near  pH  5 
Increeaee  the  radical  becomes  more  unstable 
decay  of  Che  CPZ  radical  is  so  fast  chat  cb> 
accumulaclon  la  obeerved  In  leas  chan  a few 
atarce  [221],  In  Che  preaent  experlmeoca  i 


;iose  CO  neutral  pH  Che 
eady-acace  free  radical 
:onds  afcer  Che  reaction 


is  eenaltlve  to  pH.  Acteupco  to  pn 

iffer,  pH  6.1,  a blended  mixture  of 
c potaaslun  phoaphace  and  dibasic  sodium  phoaphace,  obcaloed 
from  Aloe  Scientific)  were  unsuccessful.  Addition  of  nonbuffered  solo- 
tlona  of  radical  cations  co  buffered  stock  solutions  of  DHA  was  also 
attempted.  The  characteristic  coloroclon  of  the  drug-WA  complexes  ua: 
evident  upon  initial  addleloo  of  Che  radical  aolucioos;  however,  the 
coloration  faded  tepidly  end  the  solutlooe  were  completely  colorless  at 
transparent  within  an  hour.  Conaecusncly,  no  buffers  were  used  la  pre- 
paring the  drug-DNA  complexes. 


Premy’a  sale  (poesssium  nicroeodlsulfonate,  Kj[(SO  )jNO])  dlsaolved 
sacuraced  Ha^CO^  soluclon  forma  the  radical  dianlon  (SO  ) Ho"  with 
ee  hyperflna  components  separated  by  13.00  1 0.07  G and  g - 2.0057 


prepared  by  dissolving 


fioLucion. 


g of  Tttiay'B  salt  fn  100  ml  of  aacuraced 
aolutlon  InoedlaccLy  cumed  light  purpla  and  beoaoie  tzanaparanc  upon 
awirltng.  Tha  solution  may  be  stored  under  refrigeration  for  aeveral 
months  but  decoys  If  stored  at  room  temperature.  A portion  of  the  freshly 
prepared  aolucioo  was  transferred  to  the  quarts  ESR  aqueous  sample  call 
for  calibration  of  the  Varlan  E-3  magnet  scan.  The  solution  was  also 
used  in  some  initial  teste  ulcb  Che  Teflon  flow  cells  to  determine  their 
suitability  for  spin  reeanonee  measuremenCB. 


CIUPrEB 


In  order  Co  perfona  BSR  experlnenca  co  study  possible  Intercelstion 
of  pheoothlatlBe  drug  derluatlve  rsdlcal  cactons  vith  helical  nucleic 
acids  la  a fashion  olmllar  co  that  of  Ohntshl  and  McConnell  [209],  Ic 
is  necessary  that  the  drug-DNA  solution  be  flowed  through  a saople  cell 
aystea  In  the  resonanne  caslty.  Two  types  of  flow  are  teguired.  Flrsc, 
tho  sample  solution  must  be  flowed  In  a dlrecctop  perpendicular  co  Che 
direction  of  the  applied  magnetic  field,  and,  secondly,  in  a direction 
parallel  Co  Che  applied  field.  Since  the  longlcudlnnl  aicts  of  any  type 
of  sample  cell  inserted  Into  the  Varlao  E-3  E5R  microwave  cavity  Is  per- 
) Che  applied  field,  Che  problem  of  flowing  a solution  per- 
1 Che  applied  field  la  of  no  conseguonce,  Ohnlshl  and  McConnell 
solutions  of  DNA  and  CPZ  through  capillary  tubing  In  Che 
spsccromecer.  Use  of  capillary 
iaent  work.  However,  the  psrollel 


pandicular 
(209]  flows 

resonance  cavity  of  a VarJ 
Cubing  was  thus  Indicated 
flow  altuaclon  presence  anme  difficulties  In  design.  Ideally  parallel 
flow  could  be  obtained  by  Inserting  capillary  cubing  through  holes  in 
the  aides  of  the  cavity  positioned  such  that  the  section  of  capillary 
tubing  within  the  cavity  is  parallel  to  the  applied  field.  Access  through 
the  aides  of  the  Varlan  E-3  cavity  was  considetnd  impractical  for  several 
reaaona.  location  of  the  modulation  colls  within  Che  sides  of  Che  cavity 
would  mean  careful  cooacroctlon  of  a new  cavity  so  chat  the  performance 


ol  the  csvlty  would  not  be  eleeced.  S. 
fipectronecec  was  in  general  uee  for  an; 
the  Inconvenience  of  either  building  a 


:a  the  available  Varlaa  E-3  ESA 
le  ubo  requited  Ite  capabilities, 
w cavity  (or  modifying  the 


existing  one)  was  not  feasible.  Furthemore,  the  gap  between  the  i 
pole  faces  is  sufficiently  small  that  with  the  cavity  positioned  b> 
then  there  Is  virtually  no  working  apace  t( 
through  the  sides  of  the  cavity.  Thus  eonu 
chat  allows  parallel  flow  to  be  obtained  within  Che  confines  of  the  E-3 
microwave  cavity,  but  ^ich  la  itself  loaerced  vertically  In  the  normal 
fashion  without  disruption  of  the  ESR  Inecrumenc,  waa  desirable.  The 
deslga  of  such  a cell  aystem  Is  limited  by  the  fact  that  the  dlmenalons 
must  be  made  to  conform  as  nearly  as  possible  Co  those  of  Che  quarts 
aqueous  sample  cell,  This  crucial  experimental  aspect  will  be  created 
la  more  detail  in  Che  following  discussion. 

Cavlcv  and  Sample  System  Conalderatlone 
General  Considerations 

The  essential  requlremants  [38-40, t 
sample  syscan  will  be  discussed  briefly, 
specccometer  amplifies  the  intensity  of 
to  Che  way  en  organ  pipe  amplifies  sound  waves.  1 
frequency  Is  such  that  aome  of  Che  dimensions  of  t 
plea  of  half-wavelengths,  the  microwave  incensity 
lowest  frequeccy  at  vdiith  this  occurs  being  termed 


.a  magnified , c 


frequency.  As  discussed  previously  In  Chapter  I.  electromagnetic  radia- 
tion conalsca  of  two  mutually  orthogonal  fields,  an  electric  field  Cl  ) 
and  a engneclc  field  (H^).  Optimum  ESR  absorption  alBoale  are  provided 


demlty,  (2)  have  Bj  perpen- 

s ohe  of  Che  condlcione  required 
Id  (3)  allow  sample  poalclonlng 


h (1)  yield  a 
te  applied  field  H,  which 

resonance  requireaeoc  of  Inceraotlon  with  che  magnetic  field  (see  Chapter 
1)  and  because  lotecaccloo  with  the  electric  field  give#  rise  to  non- 
reeonanc  dielectric  loss  of  power.  Moat  commercial  ESR  speccrometere 

gular  cavity  represented  schematically  in  Figure  24.  The  TE  designa- 
tion means  "traoaversa  electric,"  that  is.  the  Held  la  always  oscil- 
lating perpendicular  to  che  longitudinal  asla  of  che  cavity  (che  a axis 
In  Figure  24),  while  che  subscrlpca  refer  to  che  number  of  half-wave- 
lengths  along  the  x.  y,  and  a axes.  Also  Indicated  In  Figure  24  are 
che  spatial  diacrlbuclona  of  the  Ej  end  Hj  fields  in  che  cavity.  From 
Figure  24  It  is  seen  that  positioning  of  the  sample  along  che  x axis 


(energy  dissipated  per  cycle)  * 

^®Fgy  storage  and  Q generally  Increase  with  cavity  volume  for  a flxad 
frequency.  Equation  (93)  also  Implies  chat  an  increase  In  (}  arises  from 
decreasing  energy  losses  from  currents  flowing  in  che  cavity  walla  or 
sample.  The  cavity  ()  will  be  lowered  if  a sample  having  a high  dielectric 
constant  (auch  aa  water)  extends  Into  teglona  of  appreclabls  I,.  When 
Q Is  lowered,  che  epectromcter  aenslclvlty  is  also  lowered.  Since  below 
if  energy  absorbed  by  the  sample  is  proportional 


I delec«rloufi  e 
ac  a poslcion  a. 


Co  placing  cha  saatpla  ac  a poalclon  oJ 
CO  nolao  ratio.  Since  dleleccrlc  power  It 
on  the  aigoai  co  nolee  ratio,  placing  the 

\ 11  aleo  clearly  dealrabla.  q'a  ot  the  order  5000  to  10.000  era  typical 
fonnd  for  rectangnUr  cavlciea  need  at  X-hand  freqoenclea. 

The  value  of  0 under  the  condltloo  chat  only  loaaea  within  the 
cavity  are  conaldered,  chat  la,  realatlve  loaaea  in  the  walla,  la  called 
the  unloaded  q-faccor,  Qy.  Bouever.  a cavity  auac  be  coupled  by  a aeall 
hole  (Irla)  to  the  waveguide  (nlcrovave  plumbing]  eysteo  carrying  micro- 
e Chlyatton  tube).  Becauae  thla  coupling 
e la  a further  lowering  of  Q,  the  loaa 


wavea  free  the  generating  ao 
encaile  additional  loaaea,  cl 


«»»ty) 


R (energy  lost  through  coupling  holea  per  cycle)  ' 
The  ratio  S ■ ^ called  the  coupling  parasecer  and  eqtu 

for  optimal  coupling,  that  la,  ban 
cavity.  The  overall  or  loaded  quality  factor  q, 


Cq,) 


■ ‘V 


* "!||> 


having  a nonvanlahlng  Imaginary  p. 


re  materiala  within  the  cavity 
he  dielectric  conacant.  additional 
e dleleccrlc  q-fector, 


n dielectric  loaa) 


(97) 


ie  dlelecerle  con- 
:ld  («ge  Figure  24). 


U the  factor  vhlch  should  be  used  lo  aensiclvUy  ealculatloos. 

If  a cavity  has  originally  been  designed  and  conatructed  for  a 
Q.  then  aost  of  the  dielectric  losses  usually  o 
saaple  cell,  The  principal  effect  of  the  prese: 
la  the  extent  to  idilch  the  saaple  interacts  wltl 
Interaction  fonna  t 

example.  Sample  Inceractlon  with  Increaaes  with 
scant  of  the  sample.  Increasing  geometrically  to  the 
sample  extends  Into  Che  region  of  nonsero  electric  f 
Thua,  it  Is  Important  to  position  the  sample  In  a region  of  the  cavity 

Positioning  la  extremely  critical  for  aqueous  samples,  nhlch  exhibit 
a high  dielectric  loss.  X-band  microwaves  ate  readily  abaocbed  by  polar 
IS  liquid  water,  the  interaction  being  between  the 
Id  tree  polar  groups  such  as  the  DH  portion  of  the  water  molecule. 
It  absorption  process  Is  very  efficient  and  significant 
en  0.1  ml  or  less,  will  effectively  absorb  all  of 
ve  radiation,  thus  reducing  ESR  senalcivlty  ao 
severely  that  spin  resonance  measucenents  cannot  be  made  The  most 
aatlsfaccory  container  for  aqueous  samples  la  a flat,  high-purlty  silica 
cell  which  can  he  accurately  oriented  by  means  of  adjustment  screws  along 
the  nodal  plane  of  the  Ij  field.  It  le  found  that  optimum  lensltlvlty 
occurs  when  chat  la,  for  a raductlon  of  Q,  to  one-half  of  Its 

valuo  in  Che  ehsence  of  dielectric  loss.  For  aqueous  solutions  this 
requires  that  the  silica  plates  be  separated  by  about  3 mm  for  X-band 
frequencies.  Capillary  tubes  can  also  be  used  but  these  do  have  the  disad- 
vantage of  small  sample  else  and  poor  sample  configuration  if  concurrent 
light  1 


The  sesple  container  (cell)  coi 
cipelly  by  Its  ovn  Interaction  with 
give  atlong  ESK  algnala  and  are  not 
Fused  alllca  quarts  of  high  purity  i 

and  hence  la  a desirable  nataclal  fc 


also  affect  ESR  sensitivity,  prln- 
Kj.  Host  glass  and  silica  materials 
suitable  as  sample  cell  materials. 
t'Dlds  these  difficulties.  This 
It  has  a vary  lov  dielectric  loss 
r the  fabricaclon  of  Davar  inserts. 


Quarts  usually  concentrates  the  magnetic  field  so  that  the  result  is 
an  increase  la  effective  microwave  power  at  the  sample.  For  noneaturating 
samples,  an  appreclaile  Increase  in  signal  magnitude  can  result.  Clearly 
it  is  important  to  compare  samples  in  the  same  or  equivalent  cella. 

From  the  foregoing  considerations  it  la  evident  that  aqueoua  sample 
flow  calls  for  use  with  Che  raccengular  cavity  of  the  Veriao  E-3  ESR 
spectromacai  ehould  be  modeled  after  the  flat  quarts  aqueous  sample  cell. 
Consldeceble  reflection  on  cbe  problem  Indicated  char  for  ease  of  construc- 
tion. utility  of  operation,  and  reasonable  fabrlceclon  enpense  and  effort 
Teflon  oaplllery  tubing  would  be  a eulcable  materlsl  since,  like  quarts, 
it  has  e low  dlalaetrlc  loss  and  ia  a eulcably  inert  material  for  uaa  with 
aqueous  eemples.  Since  this  tubing  Is  very  flexible,  it  can  be  readily 
molded  Into  any  desired  configuration  by  constnicclng  s suitable  rigid 
framework,  also  msda  of  Teflon.  To  maintain  all  axperlm.ntal  para- 
meters ss  nearly  Identical  as  possible.  It  wss  decided  Chet,  even  though 
s perpendicular  flow  arrangement  could  eaelly  be  achieved  by  use  of  a 
quarts  capillary  cube,  the  perpeodlcuLar  flow  arrangemenc  would  be  con- 
scrucced  entirely  of  Teflon,  as  would  neceesarUy  be  rha  parallel  flow 

Schematic  diagrams  of  the  Teflon  call  frames  designed  a 


Detailed  dlscusslone  oi 


dlculsr  lieu  and  Figure  26  for  parallel  £j 

design  features  are  as  follovs.  TJia  Teflon  cell  frames  are  modeled  In 
both  shape  and  dimension  after  the  quaree  aqueous  sample  cell.  There 
la  a central  flat  portion  of  the  cell  with  cylindrical  extensions  on 
s aqueous  sample  cell  holders  used  with  Che 
It  section  of  the  frames  Is  Chen  constructed 
configuration  of  Teflon  capUlary  cubing 


to  acconmodate  the  < 
for  either  parallel  or  perpendicular  flow  In  such  a 
capillary  cubing  will  be  In  a position  of  maximum  H- 
withln  the  resonant  cavity.  Clearly  construction  ol 
rigid  enough  to  maintain  its  conf Igura.tlon  and  also 
tubing  will  mean  that  the  depth  of  Che  flat  portion 


1 Teflon  framework 

! capillary 


0 regions  of  strictly 


il  analysis  it  was  found 
le  instrument  appreciably 
I the  quality  of  gSR  spec 


tecra  obtained  being 
id  the  Teflon  cells, 
of  sample  within  the 


alter  the  sensitivity  of 

essentially  equivalent  fo 

cavity  were  reasonably  comparable. 

The  Teflon  perpendicular  flow  cell  (Figure  25)  couslacs  aasenclally 
of  two  separote  sections  which,  when  fitted  together,  prevlde  a narrow 
rectangular  slot  through  the  length  of  the  flat  portion  which  can 
eccoamodate  one  or  several  Teflon  capillary  Cubea  In  a plane  parallel 
to  the  npplled  field.  Thl.?  means  that  flow  through  thla  tube,  or  tubaa. 


PERPENDICULAR  CELL  FRAME 


° \ 


PARTS  A- B ASSEMBLED 


PARALLEL  CELL  FRAME 


applied  Begnecie  field 


plane  of  maxlinm  Hj.  In  other  worda,  the  perpendlcnlar  flow  cell  fraae 
merely  provldea  a rigid  framework  for  a flexible  Teflon  ceplllaty  cube 
positioned  wectlcally  In  che  Vaclen  E-3  resonant  eavlcy. 


The  Teflon  pnrallel  flow  cell  CFlgure  2S)  has  a fine  section  con- 
taining evenly  spaced  cylindrical  holea  parallel  to  one  soother  nod  the 
applied  magnetic  field  direction  and  lying  In  a vertical  plane  parallel 
to  the  applied  magnotlc  field.  This  means  that  che  plane  of  che  holes 
can  be  positioned  In  the  nodal  plane  of  the  Ij  field  and  sc  a position 
of  maximum  field.  Flexible  Teflon  capillary  tubing  Is  Chen  threaded 
through  Che  flat  aecclon  of  the  cell  In  a colled  configuration  which  will 
be  In  the  plane  of  che  flat  aecclon  of  the  cell.  The  configuration  of 
che  Teflon  capillary  cubing  thug  looks  like 


direction  of  applied 

magnetic  field 


end  it  la  clear  that  solution  flowing  through  the  coil  will  be  In  a 
direction  parallel  co  the  applied  magnetic  field  (except  for  che  loops 
ofche  coll).  Thus,  although  such  a coiled  configuration  does  not  permit 
total  flow  within  che  civity  In  a direntlon  parallel  co  che  applied 
field,  ic  docB  pemic  euhscanClal  parallel  flow  in  a cell  arrangement 
which  la  readily  conetcucced.  does  not  Involve  alterations  In  che 


quArtz  aqueous 


aod  poslcloned  In  the  sane  lunner  as  Che  scandacd  flsc 
solution  sanpl.  cell.  Since  the  loops  oI  the  colled  conligurstlon  give 
rise  to  flow  chat  ts  not  pacellel  to  Che  applied  field  direction  the 
effects  of  pacellel  flow  on  Che  observed  ESR  spectra  will  he  cainced  by 
an  amount  of  randomly  oriented  flow,  the  effect  of  vdilch  depends  on  the 
conscnicclon  of  Che  coll  and  the  sUa  of  caplllery  tubing  used. 

The  preceding  discussion  has  focussed  on  ths  general  teacuree  of 
the  Teflon  flow  nails.  Detailed  analyst#  nf  the  results  obtained  and 


183 


perpandlcuLar  f: 


A coBpIexes  Che  Teflon 

e DPPH  pcobe  wee  constructed  by  enclosing  a tiny  crystal 
a langch  (about  4 Inches)  of  polyethylene  lotravenouB 
c repreaeoratlon  of  rhe  probe  la  shown  In  Figure  27. 

One  end  of  the  polyethylene  cubing  Is  sealed  with  a small  Teflon  plug 
(approalmately  1/2  Inch  In  length)  made  by  eatrudlag  Teflon  from  a 20- 
gage  hypodermic  syringe  needle  forced  through  a suitably  slaed  Teflon 
block.  This  forms  the  lower  end  of  the  probe  and.  In  the  vertical  position 

The  polyethylene  tubing  enncsinlng  the  DPPH  sample  la  Insetted  lato  the 
flow  cell  by  threading  It  through  a length  of  Haeilltan  KF20TP  Teflon 
needle  attached  to  Che  cell  ftatwi.  In  the  csae  of  Che  perpendicular 
flow  cell,  the  support  tubing  for  Che  DPPH  probe  Is  simply  lacluded  as 
oae  of  Che  cubes  through  the  retcanguler  slot  In  Che  flee  portion  of  the 
cell.  When  In  position  Che  DPPH  crystal  lies  approxlmscely  In  the  center 
of  Che  flat  section  In  the  same  plane  as  Che  aemple  tubes.  Thus  the 
DPPH  crystal  enjoys  the  same  microwave  environment  as  the  aqueous  sample. 
The  size  of  the  DPPH  crystal  Is  so  small  that  Its  Insertion  Into  a 
cavity  previously  tuned  to  an  aqueous  sumple  does  not  rsqulre  retuning 
the  cavity.  The  corresponding  modification  to  the  parallel  flow  cell 
conslsca  of  milling  e slot  (see  Figures  26  and  27)  across  the  face  of  the 
flat  cell  surface  Co  acooSEsodace  the  Hamilton  Teflon  support  cuMog.  The 
slot  Is  milled  as  close  as  possible  Co  Che  configuration  of  cylindrical 
holes  without  entering  them  or  distorting  material  into  them.  When 
the  probe  Is  In  position,  the  DPPH  crystal  is  again  appromlmacely  at  the 
center  of  the  flat  sactlon  of  the  cell.  Although  the  design  of  the  flat 
section  of  the  parollel  cell  necessitates  this  type  of  poslcionlog  of 


ARRANGEMENT  OF  DRRH  PROBE 

(NOT  DRAWN  TO  SCALE)  PROBE  IN 


8 £ 8 


ssg  g 


le  Baraple  tabes,  use  q] 


>y  negligible  di 

The  choice  of  this  nechod  of  iDessureeeac  of  g-factors  was  decided 
because  use  of  any  fora  of  lucernal  g-faetor  standard  in  the  present 
is  rather  Impractical.  The  expeclmeocal  procedure  used  was  to  run 
.pectrum  of  the  ea.ple  then  Insert  the  BPFH  probe  and  Immediately 
•d  Che  BPPH  spectrum  {superimposed  on  the  sample  spectruoi)  under  the 
inacrumental  conditions  (except  for  lower  gain  to  maintain  the  DPPH 
Sxperlence  with  Che  systen,  as  well  as  comparison 
present  results  to  previously  published  uorh  (209],  Indicates  that 
chi  DPPH  probe  with  the  Teflon  flow  cells  le  a reliable  way  to 
! g-faccors  in  chase  experlraencs. 


by  comparison  with  cl 


id  drug  rodlcals  were  then  determined 
d by  using  Che  relation  ■ 

*drug*  field  posicion  la  measured  from  the  perpee- 

I spectrum  and  le  taken  as  Che  point  where  the  derivative 

le  field  position  corresponding  to  the  oiidpolnc  between  Che 
two  outer  lines  of  the  parallel  flow  apeccrum.  These  Hoes  correspond 
to  the  outec  lines  of  the  parallel  triplet.  This  Is  believed  to  be  a 
more  accurate  rnpreeencaclon  chan  Juat  measuring  the  field  posicion  of 
Che  cencrel  peak  in  Che  parallel  flow  spectrum  because  this  peak  lies  on 
Che  perpendicular  line  and  the  perpendicular  contribution  is  not  Judged 
to  be  negligible  even  In  the  case  of  parallel  flow.  It  is  also  sssusied 
that  Inequallelea  In  the  splitting  of  the  parallel  llnae  arising  from 

le  Bgreemenc  of  g-faccors  derived 


Bocond-otder  effects  arenegUglblc. 


■ the  present  uork  on  CTZ  complexes  «Ith  CT-MA  with  chose  of  Ohoishl 
HcConnell  1209)  Indicstee  Chat  the  present  method  is  setlsfscCory. 

he  mssnetio  field  poelcions  cancel  in  Che 
jj.  the  accuracy  of  the  doteminaclon  of 

'factors  determined  here  are  considered  accurate  to  cO  0002 


relation  used  to  determine  j 
8| I and  depends  only  on  i 


le  Pumping  Arraneeinent 


After  careful  consideration  It  was  decided  chat  s eyrloge  pump  would 
be  Che  most  feasible  pumping  syscen  for  flow  of  aqueous  solutions  through 
Teflon  capillary  tubing  in  the  Vsrlan  K-3  resonant  cavity.  A syringe 
pump  offers  several  advantages  over  ocher  types  of  putting  systems.  It 

scan  orifices  such  as  the  Teflon  capillary  tubing  of  the  flow  cells. 

It  provides  pulse-free  flow  sc  a variety  of  reces  sod  allows  for  convan- 
lent  optlmlaacloo  of  E5R  Insnrumancal  paramecors  before  scanning  a 
flowing  saapls.  In  addition,  auch  a system  Is  Ught-wolght  and  vary 
nonveoUnc  for  portable  use  with  the  Vsrlan  S-3,  reqoltliig  only  s suitable 
support  and  relatively  close  proximity  to  Che  cavity.  The  syringe  pump 
chosen  was  the  Sage  flodel  355  syringe  pump. 

The  Sage  Kodel  355  syringe  pump  offers  a continuously  vorlsbls 
flow  range  with  literally  thousands  of  possible  flow  races  with  any  single 
elae  syringe  [236J.  The  instrument  is  used  In  cllnclsl,  biological,  and 
>1  Inboracorles  Co  feed  tissue  cultures,  Infuse  drugs  sc  known 
ate  reagent  flow  in  pilot  studies,  and  In  a wide  vsrlscy  of 
a appliesclons.  The  syringe  holder  wlU  hold  any  one  syringe 


. Xl/lO.  Xl/100,  SI 
flow  sstclng  Co  c] 


with  not  Boie  thsn  cwo  dlffezsnc  syringe  slsee  being  used  s 
Flow  rsces  ore  sec  for  only  one  syringe,  eke  flow  retes  fro 
syringes  Chen  being  proportlonsl  Co  their  cross-sectional  a 
is  a slip  clutch  CO  procecc  Che  drive  carriage  itococ  IE  Che 
Jaas  or  bach  preesurs  exceeds  a sec  llaic:  however  when  chi 
scire  falls  Co  wlchin  the  allowed  llaics,  pumping  action  wll: 

To  calculate  Che  flow  race  cwo  Inscruoental  concrols  a 

Xl/lflOO)  and  an  "off"  poaltlon.  Switching  from 
next  position  will  change  Che  flow  race  by  a factor  of  10.  Tor  inocance, 
a flow  race  of  20  cc/mln  at  XI  will  be  0.20  oc/olo  at  Xl/lOO.  The  percen' 
flow  dial  permits  cootinuona  varlatloo  of  Che  flow  race  in  each  range. 

The  Inacrumenc  dial  la  calibrated  to  have  a minimum  setting  of  4 percent 
and  a maximua  aecclng  of  104  percenc  although  the  100  percent  race  on 
Che  flow  rati  chart  of  the  pump  will  read  O.QO  on  the  flow  dial. 

To  ensure  accurate  flow  rutea  with  any  brand  syringe  rhe  following 
stepa  are  taken,  using  an  arbitrary  flow  rate  of  2.0  cc/mln  for  a clma 
period  of  15  minucea  as  an  example: 

(1)  A ayrlnge  alee  la  ftrac  lelecced.  For  the  preaent  example  the 
total  volume  requited  is  (2.0  ec/mln)(l5  min)  - 30  cc.  Thus  a 30-ce  (or 
any  larger  alee)  syringe  la  required. 

(2)  A flow  range  la  aelected  from  the  chart  provided  on  the  inatru- 

57  cc/ttlo  for  a 30-cc  syringe  and  4 percent  at  XI  gives  2.3  cc/mln. 

Since  a cate  of  2.0  cc/mln  la  required,  the  XI  range  eecclog  cannot  be 
used.  However.  100  percent  at  Xl/10  gives  5.7  cc/mln  and  4 percent  ac 
Xl/10  gives  0.23  cc/min  and.  therefore,  the  Xl/10  range  setting  can  be  use 


(3)  The  percent-flou  ro«ding  Is  calculsted  as  the  4 
divided  by  Che  100  pectenc  cate  ,t  the  selected  reese. 
dimple,  thee  2/S.7  - 35  percent.  Thes.  33.0  is  dialed  , 


or  the  present 
le  UQufae- 


30-cc  syringe.  For  best  reproducibility  tl 
curer  ceconnends  not  using  peteanc-flow  settlogs  of  less  than  10  percent. 
By  dectenslog  the  range  setting  one  position  uhete  possible,  and  eulcl- 
plylng  the  percant-flov  by  10,  good  reproducibility  at  desired  rates  can 
be  obcelned. 


!B  provided  by  the  manufacturer  a' 


luternsl  diameters  v« 


n different  syringes.  Bowevcr,  s 


cslculatlng  the  percent-! 

of  infused  fluid  for  e giveo 
correct  peroent-flov  reading 
proportion: 


cellbrotlon  procedure  conslsce  of 
setclngs  ae  outlioed  In  the  above 
using  these  settings , accurstely  measuring  the  amouot 
:or  a given  unit  of  time  with  the  desired  syringe.  The 
calculated  from  the  following  direct 


of  expected  fluid  ' 


percent-floe  reedlnp 
adjuBted  percent-flow  ' 


Experimental  Procedure 


I used  with  the  Sage  Model  355  eyrliige  pump 

.sltaia  flow  rate  (cc/mio)  ■ syringe  volume  £: 
: (min).  This  relation  can  be  used  to  estlim 
r given  syringe  sites  snd  scan  times.  In  pi 


EXPERIMENTAL  SYSTEM 

(SCHEMATIC) 


if 


l9  desirable  for  each  acaa. 

It  le  thus  cpneenlanc  Co  have  sane  aimple  procedure  for  neasurtna  the 
vgluae  paeeed  through  the  resonant  cauity  during  the  course  of  a spec- 
tral scan.  The  clae  required  for  paaeage  of  a certain  voice*  of  saople 
through  the  cavlcy  wee  measured  by  utUljlng  the  spectroaeter  recorder 
In  the  folloulhg  vay.  The  recorder  la  alloved  to  trace  a path  to  Just 
dovnfleld  from  the  field  poalcton  at  which  abeorpclon  signals  are  expected 

the  spectrum  by  moving  the  recorder  sero-adjuatmenc  knob,  Flow  of  the 
sample  and  continued  scanning  are  then  Initiated  slaulcaneoualy.  Thla 
la  done  by  moving  the  drive  carriage  hack  slightly  from  the  syringe 
plunger  before  starting  the  syringe  pump.  As  soon  as  the  first  drop  of 
solution  passes  Into  the  collection  Cube  (Indicating  flow  is  established) 
the  scan  Is  started.  Once  the  spectrum  has  been  recorded,  the  syringe 
pump  and  spectrometer  scan  are  shut  off  simultaneously  ond  another  vercl- 


recorder  chart  paper  division  Is  i 

Table  XII-  The  data  In  table  XII  represent  the 

having  calculated  the  time  elapsed  to  collect  a 
(as  moaaurcd  by  collection  In  a graduated  tube), 

Defining  the  average  deviation,  a^,  in  Cera 

s^  - (Irt)  I |Vj  - cv.|  , 


.5  readily  calculated. 


averages  of  no  fewer  tl 


VarUn  £-3  ESR  Spectromacer  Scan  Tlae  Calibration 


Ay  - lMay/<V: 


dACa  obcaixied  froo  c) 


flow  ayacaiD  for  a variety  of  syrioge 
aUea  and  percent-flow  eettings  indicate  chat  In  no  case  la  the  percent- 
average  deviation  greater  Chen  10  percent.  Peatar  voluae  flow  ratea 
tended  to  have  lower  valuea  of  Ay  chan  alower  flow  racee  (3.6  percent 
for  100  percent  flow  veraua  7.4  percent  for  40  percent  flow  for  a 1-cc 
eytinge  and  a range  netting  of  XI  In  conjunction  with  the  PA37B  (abbre- 
viation explained  In  a later  eectlon)  flow  cell,  for  enaaple).  Typical 


ireneota  of  the  volume  flow  race  conaldered.  It  can  alao 
leae  data  chat  within  the  llolca  of  the  average  deviation 
' Kq.  (9g)  a linear  reletlonahlp  exlaca  between  voluae  fit 
le  percent-flow  netting  of  the  ayringe  puap. 

In  the  abeence  of  a fully  aucoiuced  and  aynnhronlted 


le  purpoaea  ol 


le  satiafaccory  fc 


high  precision 


tedly  aome  diaadvancagee  to  the  preaanc  aechod  of  vo 
anreoent  end  Che  aechod  Iteelf  readily  gives  rise  Co 
such  aa  paraonal  errors  in  reading  the  aenUcus  of  the  tolucion  collected, 
end  random  errors,  as  In  neasurlng  the  length  between  aarhe  on  the  chart 
paper-  Ihorough  alnlaiiation  of  random  error,  lending  to  high  preclelon. 
nnd  sysleaatic  errors,  leading  to  high  accuracy,  would  certainly  require 


eliminate  operator  Inconalstencles. 


MtchaiUcjl  Cnn«lii>f.rlnii. 


Cmplsc,  analysis  of  chs  flow  syscsm  reimices  s< 
fluU  Bschanlcal  coBsideracIons  [169.  238-243J.  The  fluid  veloci 
UBlnar  fl«  In  . oaplllar,  tubs  is  msxtasl  at  tha  osntar  and  van 
at  the  wall.  At  a diatanoe  r fton  the  eeotet  of  the  capillary,  t: 
valooity  v{r)  In  cm/aeo  la  given  by 

V(r)  - (P/4Ln)Ca*  - t^>  . djOj 

where  p la  the  presaute  differential  between  entrance  and  ex 
L U the  eapUlary  length  in  cc,  n la  the  solution  vlacoalty 
and  a is  the  oaplllary  tadlua  in  CB. 

laminar  flow  Ijidioatas  a fluid  flow  which  flows  in  lamlnas 
as  opposed  to  turbulent  flow  In  which  the  velocity  coBponents  ha 
turbulent  fluctuations  li^osed  on  tholr  mean  values  Pot  Inatan 
atreaB  of  dye  lofused  into  a laminar  flow  will  streak  out  a thin 
always  be  coaposed  of  the  sane  fluid  particles.  Bowever.  In  tur 
flow  the  dye  line  would  rapidly  becnae  tangled  up  and  aimed  In  w 
fluid  as  It  flows  along,  myriads  of  ever  widening  a 
and  clouds  being  observed  as  the  fluid  flown  nlong. 
of  Inaioar  flow  la  ayrup  being  poured  from  e bottle 
the  velocity  and  channel  cocflguratlon  determine  whi 
laminar  or  turbulent.  Viscosity  can  be  thought  of  . 


dispersing  chceada 
1 striking  example 


surfaces.  Shear  la  defined  ai 


of  vlacoalty  a f 
slldu  past  another,  or  to  cause  one 
a l.tyer  of  fluid  Intorvcnes  between  cl 
n Internal  force  tengenclal  to  the  aeci 


an  which  It  sctn  or  It  aay  be  thou|ht  of  as  ao  action  or  stress  resulting 
tco*  applied  forces  that  causes  two  contiguous  parts  of  a body  to  slide 
relatively  to  each  other  In  a direction  parallel  to  their  plane  of 

The  voluBO  flow  rate,  V in  ec/sec,  for  laminar  flow  lit  a capillary 
is  given  by  Polseullle'a  Law  as 


The  velocity  v(r)  can  be  expressed  as  a function  of  the  volume  flow  race. 

v(r)  . (2V/na^(l  - rVa^)  . (102) 

The  velocity  grodUnt  or  shear  rate  G(r)  is  given  by 

C(r)  - -dv(r)/dr  - Pr/2ln  ■ <iVr/iio‘  . (103) 

where  the  velocity  gradient  is  negative  because  vCr)  decressea  with 
increasing  r.  The  maxlnun  shear  rate,  G„,  clearly  occurs  at  r - a,  and 

G„  ■ Pa/2Ln  . 4V/ita’  . (104) 

Since  the  degree  of  ortentacion  of  Che  ONA  noleeule  In  a flowing  solution 
(In  the  sense  that  the  helical  axis  is  aligned  parallel  Co  Che  flow 
streamlines)  depends  on  the  shear  cate  [205,  244-250],  the  quantity 
G^  in  Eq.  (104)  Is  the  one  of  Interest  to  Che  present  work.  With  knowl- 
edge of  Che  capllUry  radius  and  volume  flow  race  as  described  earlier. 


(105) 


The  ^anclcy  1. 

nolecule  Is  proparclonal  Co  the  sheer  screes,  A caescsnc  shear  screes 
eao  be  applied  la  axperlsents  sc  different  vlscosiclos  by  aalncalntng 
Che  same  pressure  gtadleat  (P/L).  The  gejmolda  eumber  la  Che  ratio  of 
Che  Inerclal  forces  Co  viscous  forces  and  for  flow  la  a capillarv  is 


R • Ppa  /ALn  ■ 2oV/irna  , (106) 

where  c la  the  density  of  Che  solution.  Flow  may  beccsce  curbuleoC,  rather 
chan  lemloar.  If  R > 2200,  alchough  In  practice  higher  Reynolds  numbers 
may  be  achieved  without  turbulence  If  Che  enersnee  sad  exit  of  the  capil- 
lary ace  smooth  and  tepered.  Approxlmste  calculsclons  using  Eg.  (106) 
and  the  flow  races  encountered  In  the  preoenc  work  tndlusce  a Reynolds 

work  Is  considered  thoroughly  laminar.  It  la  known  that  flow  through 
a curved  pipe  or  coil  glues  cine  to  a eecondary  circulation  of  fluid, 
esUed  the  double-eddy  or  Dean  effect,  thee  cakes  place  sc  right  anglsa 
to  the  main  flow.  This  circulation  acsblllzes  laminar  flow,  chus  increa- 
slog  Che  critical  Reynolds  number.  Consequencly,  the  loops  inherent 
la  the  colled  cubing  of  the  parallel  flow  cell  conf iguracloo  are  not 

eve  a deleterious  effect  oo  ntelncensace  of  laminar  flow 


two  types  of  perpendicular  flow  cell  end  four  dlffercot  typee  of 
pornllal  flow  cell  were  conetruccod  and  oxcenalvely  cesred  to  optimise 
Che  flow  ayscea.  For  convenience  of  reference  and  discussion,  Che  following 


abbreviated  tiooBBClacurB  le  adopted  £or  theae  oella.  Each  cell  la 
dealgoated  b,  tvo  letters  CPE  for  the  perpeedlcaUr  cells  acd  P*  tor 
the  parallel  celU)  lolloved  by  a mjiober  referring  to  the  ncober  of 
capillary  tabes  for  flowing  solotlon  In  the  cell  for  perpendlealar 
cells  and  the  total  oomber  of  parallel  sections  across  the  flat  portion 
of  the  cell  for  parallel  cells,  lo  addition,  a final  letter  Is  added 
deelgnarlog  the  capillary  radios,  A signifying  a radius  of  O.OllS  Inch 

containing  28  parallel  holea  In  Ita  flat 
Ich  Teflon  capillary  cubing  with  a radius  of  0.0125 
Table  E17  glvee  the  additional  dljsenslons  of  the 
specUled  In  Pigura  26  and  Table  W gives  the  volueaa 


refers  Co  a parallel 
portion  through  whicl 
inch  la  threaded.  It 

available  for  sanple  solution  within  Che  ca> 

In  the  case  of  the  parellnl  flow  cells 
not  only  cbe  cotsl  voIuds  but  also  how  this  voluae  breaks  down  Int. 
flow  rsglons  of  strictly  parallel  or  strictly  rsndo.  otlentetlon  w 
respect  to  the  applied  isagnetle  field.  These  date  are  also  given 


3 Impgrcanc  to  conelder 


' 1*’ 


e psrolZel  at 


perpendicular  volunes,  respectively,  and  V 
Che  caae  of  the  perpendicular  flow  cells,  • Vj^  and  thers  la  nn 
enulvalenc  to  V,.  The  volume  of  the  loops,  which  have  a random  flow 
configuration  with  r.ap.ct  Co  the  applied  magnetic  field.  In  the  petallel 
flow  cello  Is  calculated  from  the  uaual  formula  foe  the  volume  of  o 


(107) 


where  N is  the  total  numbot  of  loopa  (always  ot 
parallel  sections),  r Is  the  capillary  rndiua. 


).OOD62$6 


sUiciule,  Calm  to  he  the  length  of  the  line  through  Che  center  of  the 
cylindrical  loop. 

Flow  Paraaiacer  Relaclons 

The  ohaerved  efteccs  on  the  ESR  epeccron  of  a dtcg-KJA  ctmplex  due 
to  flowing  the  aolotlon  through  a eepUlory  in  the  recount  cavity  depend 
not  alaply  on  the  degree  of  orientation  of  Che  DJIA  helicea  or  Che  cell 
geooetty  hut  rather  on  a larger  aec  of  interacting  paramecera.  Changing 
one  paraoecer  ran  draacleally  alter  the  ohaerved  reault  and  all  poaalble 
paraiaetera  ouat  he  conaidered  in  opcieiring  a ayaten  such  aa  chia.  A 
acheaatlc  repreaentacion  of  the  relacionahipe  anong  Che  various  paranecera 


in  Figure  29,  whnce  the  arrowa  Indicate  that  one  paraaeter  acta  on 

Detailed  oulyoU  of  the  ESR  apectra  la  preaented  In  Chapter  IX.  but 
Che  aallcnc  features  in  optlaialng  the  flow  ayscen  ora  ae  follows.  The 
randoo  (no  flow)  X-band  ESR  apectrua  of  Che  driig-DNA  coopleaea  consiaca 
of  an  aaymecrlcal  three-line  hyperflne  pattern  (due  co  Inceracclon  with 
Che  N nucleus  of  the  phanochiaaine  drug)  which  ia  a auperpoalcion  of 
Che  three  parallel  hyperflne  lines  and  the  unresolved  perpendicular 
resonance  line.  If  the  drug  radical  cation  Intercalatee  with  the  DSA 
helix,  chan  the  perpendicular  flew  BSR  apectrua  conaisca  of  one  line  and 
the  parallel  flow  apecCrmt  conaisra  of  three  lines  reaenbling  the  random 
peccern  but  much  better  resolved  ond  leaa  eayiaaccrical,  the  intansltiea 
being  note  equal.  Thus  the  observed  effect  in  the  ESR  apectnjm  with 
flow  la  an  enhancenocc  of  reaoZution  for  parallel  flow  and  obaarvance 
of  a ainglc  line  for  perpeodlcular  flow-  The  higher  the  degree  of 


Cortcen  ratten 


Inatrunieacal 


DifCerent lal 


RelatlooBhlpa  aaon;  [ha  varlaua  parasehera  of  the  (lev  ayaten 
which  other  parajaetera  a given  parameter  afCecca. 


Che  fraction  of  total  volume  coonetiaurace  ulth  flow  ocrUcly  parallel 
or  perpendicular  to  the  applied  fieldi  the  more  pronounced  Che  obaerved 

parallel  flow  cella,  which  are  more  intereaclng  and  ahow  nioce  ectlklrg 
ceaulcs  Chao  the  perpendicular  cells. 


The  first  cell  constructed  was  the  PAIIA  cell.  Che  other  cella  being 

complex  since  comparison  with  previous  data  |209|  was  possible.  Flovlog 
CPZ-DSA  soluclons  through  the  PAHA  cell  yielded  distinct  although  not 
extraordinary  reaulca.  Orientation  affects  were  clearly  racognlsable. 

Ihe  PA37B  cell  was  the  end  result  of  opcintescion  of  the  parallel  flow 
syaces.  Figure  30  compares  parellel  flow  spectra  obtained  with  both  of 
these  cells.  As  cao  be  seen  frets  Figure  30  the  orientation  affect, 
evident  as  enhanced  reaolucion  in  the  spectrum,  is  much  greater  for  Che 
PA37B  cell  chan  it  is  for  the  PAHA  cell.  It  should  be  noted  chat  the 
vsluco  of  given  in  Figure  30  are  the  values  celculated  from  Bq.  (10»1 

only  for  constant  capillary  radius  and  viscosity  and  variable  flow  race 
or  for  constant  flow  rate  and  viacosity  and  variable  copillory  radius. 
Since  both  capillary  radlua  and  volume  flow  rate  differ  in  the  two 


C (PAUA)fC  (PA37B)  ■ 


lr(PA37B)/r(PAl*A)l^  ■ 


PARALLEL  FLOW 

CHLORPROMAZINE/SS-DNA 


T conparsble  f 


dlfEecenc«  Id  Che  cates 

Che  difference  In  cspilUry  redlus.  Slaee  a shear 
In  Che  PAI4A  cell  eorreepoDda  co  e sheer  rate  of  62 

the  PA37D  cell  is  Indeed  far  superior  to  the  PA14A  cell. 

The  effect  on  Che  flow  epeccrum  of  the  cell  geoaecry  1 
in  Che  aaoune  of  parallel  versus  rsndom  vclume  available  for  a given 
;e  of  shear.  Coopsrison  of  results  obcelned 
,/V||  • 0.7739)  and  the  PA28A  cell  (V,/V| | - 0.4349). 
.1  (Vp/Vj|  ■ 0.4220)  and  Che  PA376  coll  (Vjj/Vj|  ■ 

! larger  the  parallel  volume  (compared  to  Che 
pronounced  the  effect  observed  for  conscenc 

cell  geoaecry  within  the 
cevlcy  requires  mlnlnlelng 


rendoo  volume) 
capillary  radii 


throughout.  Therefore,  opcimleatlon  of 
dimensloos  dictated  by  conelderaclon  of 

“»  '“ny  parallel  eactlons  through  thi 
cell  as  is  possible  without  Initiating  flow-retarding 
aecclons  from  coo  drastic  curvsture  In  the  colled  coni 
persllel  flow  nelle. 

Prom  Eq.  (104)  It  Is  evident  that  Che  maximum  rat 
thereby  Che  degree  of  orientation)  nay  be  Increaaed  by 
the  voluae  flow  rate  or  decreasing  the  capillary  radius.  Sir 
i , decreasing  che  capillary  radius  has  s large 
iloar  from  the  comparison  of  che  PA14A  stkI  PA37f 
nloor  dlsadvsnesgc  of  decreasing  the  capillary 


that  reducclM  of  the  inlet  orifice  tends  to  increase  the  back  preaai.ce 
In  the  syringe  so  that  saialler  syringe  sizes  oust  he  need.  Of  course 
that  Dutans  smaller  sample  volumes  can  be  used,  a distinct  advantage  with 
preelCRja  biological  macerlala. 

Figure  31  shows  ESR  spectra  obtained  with  the  PA37B  cell  and  II- 
luscratea  the  affect  of  increasing  rate  of  shear  on  Che  observed  spec- 
eruD.  Figure  32  compares  perpendicular  flow  spectra  obtalced  using  the 
PEIA  and  PE3B  cells.  Besulta  fee®  experiments  with  all  cells  Indicate 
that  there  la  a limit  to  the  effects  observed  w 
Although  this  is  also  true  ol 
noticeable  In  the  parallel  f; 


e atriklng. 


h increasing  shear  race 
IS  perpendicular  flow  cells,  it  la  enre 
situscion  where  the  observed  spectral 
results  ahow  chat  increasing  the  sheer 

;he  spectrum  for  a given  sample  solution  and  cell.  In  the 
perpendicular  flow  cells  this  is  attributed  to  the  rather 

statiatlcaj  coll  of  limited  flazlbllicy  and  only  partial  orientation 
in  be  eapected.  Furchernore,  perfect  orlcntacion  requires  infinitely 
rest  shear  and  that  is  hardly  the  case  here,  In  the  case  of  parallel 
Che  loops  in  the  cell  configuration 
lorn  orientation  which  la  not  changed  by  flow. 

•ved  epectrum  for  parallel  flow  la  always  i super- 
parallel  apeccral  featurea.  Ideally,  parallel 
I appearance  of  the  parallel  hypartlne  llnea  and 
diaappcnrance  of  the  unroantved  pcrpundicuUr 


provide  thorou^ly  : 

position  of  random  i 
flow  should  enhance 


PARALLEL  FLOW  CELL  PA37B 


PERPENDICULAR  FLOW 

CHLORPROMAZINE  / SS-  DNA 


overlaps 


always  be  inceneicy  ci 
the  lloewldch  of  the  perpendicular  1 
at  least  one  of  the  parallel  lines  at 


e is  suffiolenc  that 
probably  distorts  ai 


It  beyond  w 


f flowing  solutions  and 


era  lost  In  the  contribution  from  the  ri 
Inpecfectlon  of  tbs  parallel  flow  cell  i 
the  major  objective  is  to  observe  the  effects  a 

press  for  total  elimination  of  Che  randoo  conf Iguracioo.  indeed,  Ohniehi 
and  HcConoell  (209]  attribute  the  asymoatry  of  their  8SR  spectra  to 
incomplete  orientation  of  the  DRA  helices.  Presuoably  their  apparatus 
did  noc  include  inherent  random  orientation  in  the  parallel  flow  oooflg- 


The  capillary  length  aod  radius,  solution  viscosity,  and  the  pressure 
differencial  between  the  enctanco  and  cult  affect  Che  degree  of  orienta- 
tion through  Che  race  of  shear.  The  capillary  length  la  noc  particularly 
amaoable  to  change  In  the  present  altuacion  and  the  pressure  dlffereoclsl 
depends  on  the  rate  at  which  the  ayrlnge  pump  Is  operated  Cor  a given 
syringe  and  capillary  sire.  For  Che  present  euperimancs  Che  solution 
viscosity  is  determined  by  the  presence  of  DNA  molecules.  It  Is  well 
known  [204-207]  Chat,  since  Che  DNA  molecule  becomes  longer  and  stiffer 
on  binding  an  intercalating  molecule,  an  iocreaee  in  the  viseoalcy  of 
ONA  soliiclona  Is  characteristically  observed  as  a consequence  of  the 
Intercalation  process.  The  lower  the  nccleotlde  base  pair  to  radical 
cation  ratio  (BP/R),  the  larger  the  number  of  intercalating  molecules 
becomes  aod  so  the  solution  viscosity  increaaea  oa  BP/R  decreases. 


gradient  (?/L>  a 
present  exssiple, 

n(eP/R-9),  Sii 

Bssulta  using  thi 
Figure  33  shows  i 


Id  csplllnry  radius,  the  rates  of  sbi 
I viscosity  are  related  by  their  viet 

ice  It  Is  CO  be  eapected  that  n{SP/!l 
s also  expected  chat  C^(BP/8  - 9)  > Gj|(»p/g 
■ present  system  show  these  considerations  to 
he  results  obtained  for  a 


le  pressure 
'o  solutions 


' n(BF/K  • 3)/ 

n(BP/g  - 9) , 


PA37B  cell  and  varying  8?/E  In 
drug  concentration  varied).  Tl 
cation  effect  as  BP/R  varies  f 

those  calculated  from  volume  f. 

Che  true  relative  values  among  the  spectra  shown. 

The  effects  of  ocher  parameters  in  Che  experimental  flow  system  may 
he  inferred  from  Figure  29.  In  practice  concencratlona  of  drug  radicals 
leas  chan  about  10  H are  not  dealtahle  since  the  sensitivity  of  the 


e dscreaae  In  the  observed  parallel  orlen- 
om  9 CD  3 la  evident  from  Figure  33  end 
value  of  BP/R  and  aoluclon  vlenoslty 

ow  races  and  hence  de  not  accurately  depict 


e typically 


i-3  rapidly  deteriorates  at  1 
system.  Consequently,  drug  radical  ct 
irder  of  5 * 10  H and  BP/R  was  typically  about  S.  With  the 

syringes  were  used,  larger  syringe  aiaes 
re  back  pressure  hindered  emoech  pumping 
I he  used  over  the  entire  range  of  percent- 
»er  of  shout  5 mW  was  typically  used. 


being  impractical  bei 
action.  The  syringe 
flow  eecclngs. 


a modulation  amplitude 


e satisfactory  results.  Although  shorter  si 


EFFECT  OF  VARYING  BASE  PAIR 
TO  RADICAL  RATIO  (BR/R) 


be  used,  the  quality  of  the  observed  speetra  was  not  as  acceptable. 
Accenpcs  CO  concoct  sanpla  eolutloni  with  higher  DKA  eonceotracions 
and  cbeceby  higher  radical  concentrations  for  SP/R  about  5 in  order 
Co  allow  use  of  lower  loodulatlon  sapllcudes  In  the  hope  of  resolving 
additional  hyperfine  acructore  were  unsuccessful.  Preparing  the  solu- 
tions usually  caused  sooe  fibrous  precipitation  and  chose  prepared  ware 
sovlscousthac  useful  flow  studies  ware  recher  iopractlcal.  Acceapca 
to  shear  Che  concentrated  solutions  (thereby  lowering  the  viscosity) 
by  several  days  of  stirring  at  soderate  speeds  yielded  ecae  workable 
solutions  but  the  CSK  data  were  Inconclusive. 


CHAPTER 


S8  SPECTRA  OP  PHESOTHIA2INE  Dl 


C RADICAL  COMPLEXES  U 


Otolsht  AM  KcCMAll  1209)  Mv.  that  the  r.dtcel  t.tlon 

of  the  phaoochloiliie  dtuR  derivative  ehlorpcoinazlne  loceraeta  with  calf 
thymua  DMA  acd  E.  coll  ctanafec  RSA  through  an  Incercalatlve  cuMe  of 
blodlog  alitiUr  to  chat  described  by  Lerman  [204,205,248]  for  the  ecridloe 
dyeo.  lo  Che  case  of  locercaleclon,  the  aromatic  molecular  plane  of 
CPZ  oould  be  perpendicular  to  Che  DMA  helical  ajcle.  Ohnlahi  and  McConnell 
1209)  found  that  such  was  the  case  through  the  uae  of  electron  spin 
reaonence  studies  of  the  CPZ-DSA  complex.  The  present  study  duplicates 
and  confirma  their  results  for  the  CP2/CT-DMA  complex  and  extends  the 
study  to  the  CPZ/SS-DNA  complex  as  well  as  Che  complexes  with  CT-DNA 
and  SS-DKA  of  two  other  phenothiaalne  drugs,  trlflupromaelne  (TFP)  and 


The  Experimental  Snectra 

As  dlacuaaed  in  Chapter  VIII,  the  Interaction  of  the  drug  radical 
cation  with  DMA  la  examined  by  ES8  In  the  following  way.  Three  types  of 
ESR  spectra  are  required:  (1)  randomly  oriented  (no  flow)  DKA-hound 

drug  radicals,  (2)  the  "perpendleuler  flow"  ESR  spectrum  of  DNA-bound 
ited  perpendicular  to 


drug  radicals,  where 
Che  applied  magnetic 


by  flowing  Che  solution  through  a ceplllsry 
y,  and  (3)  the  corresponding  "parallel  flow" 


R apeccrua.  Figure  3< 


PARALLEL  FLOW  SPECTRUM 
CHLORPRCMAZINE/ss-DNA 


I 


cgnplcx  In  bocb  the  tandoo  and  pai 

apectrua  In  all  caaea  la  alBllnr  l 
VIII}.  Spectra  ehcained  for  ccopl 

Thia  is  tfl  be  expected  In  viev  cf 


A cQBplex  and  Figure 
the  perpendicular  flow 
chose  ahown  In  Figure  32  (see  Chapter 
:es  of  CPZ,  TFP,  and  KHP  radical 
he  spectra  in  Plgurea  34,  35  and  36. 


cion  of  CPZ/CT-DI 


Is  esaeocially  unchanged  froe 

well  as  DKA  complexes  with  TI 
Che  marked  acabillty  of  Che  c 
accord  with  Che  obaervaclona 


of  D.VA  (see  Chapter  VI).  Figure  37  shows  the  X-band 
! CP2/CT-DNA  complex  In  the  random  and  parallel  flow 
apeccrum  ahown  In  Figure  37  was  obtained  for  a eolu- 
conplex  chat  had  been  stored  under  refrigeration  ec 
6 months  after  lea  Inlcial  preparaclon.  The  spectrum 
that  recorded  when  Che  complex  was  firec 
obtained  with  the  CPZ/SS-DHa  complex,  as 
’ and  KMP  radical  eacions,  and  illustrates 
•ug-BXA  complexes.  These  findings  ace  in 
)f  Ohnlshi  and  McConnell  [203],  who  found 


e markedly  stabllieed  by  tl 


Mechanism  of  Hyperflne  Interaction  In  Conluear.d 


■ hyperflne 


n conjugated  systems 
,44,76,77,79].  The  uapalred  electron  in  s 
n-type  radical  In  expected  to  be  distributed  over  the  molecular  framework. 
In  planar  conjugated  hydrocarbon  radlealn.  for  oiample,  proton  hyperflne 
splltclngi  are  proportional  to  the  unpaired  n-electron  density  on  the 
carbon  atom  adjacent  to  the  proton.  This  is  espresaed  hy  McConnell's 


PARALLEL  FLOW  SPECTRUM 
METHIOMEPAZINE/ss-DNA 


PARALLEL  FLOW  SPECTRUM 
CHLORPROMAZINE/ct-DNA 


relacloD  |231, 


(108) 


3n  hyperflae  aplltclngs,  j 


a proportioaallty 


where  the  e^  are  the  iaeteoplc  p; 

"-electron  epln  denticles  on  the 

fused  with  Che  use  of  (J  for  the  cavity  quality  factor,  as  discussed  pre- 
viously in  Chapter  VIII),  i.ntroplc  proton  hyperflu.  splitting,  arise 
when  there  la  net  unpaired-electron  density  at  the  proton.  The  unpaired 
electron  In  r-r«llcala  reside.  In  a h.„lecular  orbital  constructed  fro. 
a linear  coeblnatton  of  carbon  2p^  acoadc  orbitals.  Each  2p^  orbital 
has  a node  In  the  plane  of  the  molecule  and  because  this  plane  alao  con- 
tains the  protons  there  ahould  be  no  unpaired-electron  density  at  the 
proton  and  hence  no  hyperflne  apllttlng.  Since  esperlnental  evidence 
Indicatea  that  leocroplc  proton  hyperflne  Interactions  do  occur  In  "-radi- 
cals, the  eoncept  of  unpaired-electron  denalcy  oust  be  enaclned  In  more 


Spin  denalcy  Is  a function  ol 


the  spin  denalcy  in  region  I of  Che  molecula  end  P (n>  and 
.e  total  probebility  densities  of  electrons  posnaaeing  0 an 
iion  1.  P^(a)  and  P^(S)  ate  obtained  b. 


B apln,  reapecclvely,  in  the 
auamlng  the  densities  of  sll 
Consider  a C-H  fragment  of  a conjugated  i 
orbital  of  the  carbon  atom  perpendicular 
2Pjj  end  2p^  acomU  orbitals  hybridising  v 
to  fora  trigonal  sp^  orbitals,  one  of  whi 


n »pin  a la  .rbttrerlly  assigned  to  the  one  elancton 
orbital,  there  are  cuo  posslbllUles  for  assigning  the  spins  In  the  C-H 
a bond,  oanely,  C8p^(a)Kle(0)  snd  Csp*(6)Uls(c.) , If  there  were  no  eUt 
trons  In  the  carbon  2p^  orbital,  these  two  electron  conf Igoratlona  wonli 
be  equally  probable  and  the  spin  density  at  the  proton  would  be  aero. 
When  Che  2p^  carbon  electron  Is  present,  however,  the  conflguretioos 
Csp*(S)Hla(a)  and  Csp2(c.)Bls(6)  are  no  longer  equally  probable.  It  Is 
well  known  chat,  lAen  two  dltterenc  orbitals  on  Che  sane  accmlc  nucleus 
■y  electrons,  che  more  stable  arrangeaenc  for  the 
le  higher  Bultlpllcity,  that  la,  as  stated 
y one  of  Hund  s rules,  chat  one  with  the  electron 
or  06).  Thus,  the  conflgutatlnu  C2p  (a)Csp^<o)ills( 
hecause  of  the  favorable  enchango  Interaction  betwt 
the  carbon  0-eloctron.  whose  spins  ore  parallel.  1 
trons  in  che  C-B  o-bood  are  therefore  slightly  polarlaed,  that  Is,  chore 
will  be  a net  negative  spin  density  {excess  of  6-apln  over  o-spin)  at 
che  proton.  There  will  also  be  a net  positive  spin  density  at  che 
carbon  acoa.  If  there  is  one  unpaired  electron  In  che  2p  orbital,  the 
negative  spin  density  at  che  proton  will  produce  a negative  proton  hyper- 
fine  splitting,  che  nagnlcude  of  which  Is  denoted  by  q.  The  effect  le 
often  called  spin  polariaation.  In  a conjugated  radical  syecen  che 
unpaired  electron  deneicy  at  a given  carbon  aeon  will  usually  be  less 
than  unity  and  the  hypcrflne  apltcclng  can  be  obtelned  fron  Eq.  (108). 

The  negative  sign  of  n^  has  been  conflnned  experlaiencaLly  and  ie  is 
clear  chat  Q should  be  negative. 

In  the  above  discussion  it  was  necessary  to  consider  only  che  Inter- 


ore  singly  oeeuplsd  b' 


Ins  perellel  (oa 
la  slightly  preferred 


conjugated  oolacula.  Interaction,  with  aevetal  bond.  *tac  be  con.Ider.d, 
In  Che  above  dtacuaalon  a poalclve  apin  density  at  the  carbon  nucleua 
I.  induced  by  the  aane  eachanlK.  which  produce,  a negative  apIn  den.lty 
ace  proton  of  the  C-H  group,  Experlnencal  c hyperflne  .pllttlage, 
however,  tndic.ce  that  the  aplltclng.  are  not  alBply  proportional  to  the 
p density  on  the  sazoe  carbon  aeon.  It  la  thus  neceaeary  that  con- 
M>  ir-.pln  deaeltla.  on  neighboring  carbon  (or  other)  aton. 

• Consider  the  fregDent 


The  aeveral  Interaction,  can  be  charecterleed  by  the  Q par^eecera  Q®  , 
'*CB‘  ‘’cc”  '^C’C  Peraoecer  S , where  the  superscript  Identifies 

the  aeon  causing  the  hyperflne  splitting,  the  ftrat  subscript  Identifies 
Che  aeon  on  which  the  n-.ptn  density  la  contributing  to  the  spin  polarl- 
nsclon.  the  two  subscripts  togsther  Id«.clf,  the  bond  being  polarised, 
and  S la  a paraaecet  that  charaocerl.es  the  polarisation  of  the  carbon 
Is  electrons  by  the  local  n-»pln  density,  gy  analogy  with  the  C-H  frag- 
conc,  and  are  expected  to  be  positive  and  acd  negn- 
Cive.  The  combined  eoccribuclons  can  be  expressed  ae 


* j^l 


I I 


(110) 


In  nitrogen  hecatocycllc  aromatic  aaloeules  the  nucleus  subicl 
tutes  tor  carbon  and  Etj,  (110)  might  be  expected  to  apply.  Although  1 
principal  corrocc,  evidence  Indicates  that  the  effect  of  »-apln  densitl 


neighboring 


anall  coocribuclons  fi 


for  H hyperlloe  apllttljiga.  Equation  ClUa)  appUea  co  procooated 
oltroEon  alcaa  and  Eq,  (illb)  co  nonprocooacad  olcrogan  aicaa,  Che  P 
dealEnaclng  cha  lone  pair  of  eleetrone  on  Valuea  of  Q In  Eq.  (Ilia) 

range  frM  +27  Co  *30  G and  from  +23  co  +26  G In  Eq.  {lllbj  . The  major 
eoncclbucloD  to  the  nlcrogen  hjrpacflne  apllcclng  derlvea  from  Che  e-apla 
denaicy  on  che  nitrogen  atom  Icaelf  and  poaiclve  hypecflne  apllcclnga 
are  expected  and  have  been  confirmed  expeciaencally. 

Virtually  all  nicrogen-concelnlng  aronaclc  radlcala  have  well 
resolved  hyperflne  structure  If  there  la  any  s-apln  denaicy  on  the 
nitrogen  atom.  In  oriented  sysceDe  che  anisotropic  hyperflne  censors 
(see  Ghapcer  III)  of  both  C and  ^^0  depend  primarily  on  the  unpaired- 
electron  density  In  the  appropriate  2p  atomic  orbital  of  the  same  atom 
and  the  isotropic  hyperflne  Interaction  measures  the  a-character  of  che 
odd  electron.  If  che  unpaired  electron  were  locallied  entirely  In  a 2p 
orbital  the  traceless  dipolar  hyperflne  tensor  would  nocessarlly  be 
axlUly  sycmietric.  small  departures  from  axial  syimetry  arising  from 
che  presence  of  unpaired  electrons  on  ocher  pacta  of  the  molecule.  The 
general  features  of  hyperflne  aplltclnga  In  oriented  n-electron 
redlcals  are  very  alnllar  to  chose  of  and  the  dipolar  hyperflne 
Censors  are  usually  close  to  being  axially  symutric. 


e readily  interpreted  Si 


nXA  helices,  a result  not  unexpected  since,  aa  Loraan  (204,205.248] 
points  out,  the  DNA  Doleeule  In  solution  appears  t 
coll  o(  Halted  (lexlblHty  and  thus  only  parclal  o: 
tloulng  solution  can  be  expected. 

The  arguaenc  favoring  perpendicularity  of  the  plane  of  the  CP2 
radical  to  the  helix  axis  is  o»re  general  chan  that  Just  discussed.  As 
Oholshl  and  HcConnell  [209]  ob.erve,  when  |A|||  >>  |Aj_|  . the  hyperflne 
splitting,  just  detaccahle  In  the  random  (no  flow)  spectrum  auet  be  equa 
to  iA|||,  Irrespective  of  the  relative  orientation  of  the  CPZ  radical 


Therefore, 


a observed  equality  o 


clog,  for  r. 


>f  parallel 

flow  Is  a necessary  condition  lor  perpendicularity  of  Che  CPZ  plane  to 
the  helical  axis.  A sufficient  condition  for  perpendicularity  la  that 
this  equality  must  persist  for  all  laminar  rates  of  shear,  no  matter  how 
high.  Ohnlshl  and  McConnell  (209)  verified  this  for  the  CPZ/CT-DKA  com- 
plex up  to  a maximum  eheer  rate  of  about  9000  aec"^  The  present  re 
suits  have  shown  an  equality  In  the  hyperflne  splitting  over  s range 


Plscuealon:  The  ^-Tensor 

Cenerel  Conaldetatlon  of  tht  e-Tenaor  In  Arnmatlc  ladlcals 

Obsnrved  veluee  of  g^^^  (see  Eq.  (29).  Chapeor  111)  for  aromatic 
radicals  aro  typically  about  0.0002  to  0.004  higher  then  the  frae-apin 
g-factot.  g^  . 2,0023  (253),  Singla-ctystal  mca.urements  Indicate  Chat 
molecular  g-teoaors  of  armsoclc  radicals  are  anisotropic  end  g| | sod  gj^ 
osuaZly  also  exceed  g (2S3(. 


Qualitatively  auch  obaerveclons  can  be  explained  In  tenaa  of  apln- 
>lt  leceteeclon  vhlch  .ixea  o and  a cenflguraclonslly  excited  acacea 
;h  the  graund  atace.  Cooalder  an  axially  aynxecrln  planar  atoMCU 
refer  to  Bagneclc  field  dlrectlona  parpendlc- 


plane  of  the  aroMCle  ring,  reapectlvely.  Ex- 
* n with  average  energy  iEj  Involve  excitation 
o an  antibonding  c-orbltal,  c»,  and  reduce  gj^ 

■ 2p  apln-orblt  coupling  parameter  (compare 
Chapter  til).  The  r * cr  excitations  Increase 


*[|  ” 


cltatlooa  of  the  type  0^ 

by  21/dEj,  share  X la  t) 

Eqa.  (gi)  through  (86)  ] 
gj^  by  EX/ABj  and  involve  ei 

gj  because  only  highly  energetic,  and  therefore  relatively  unimportant, 

*'  ” "““Itlona  or  very  weak  aoltleenter  apln-orblt  Interactions  In- 
volving ir.  - n trenalclons  can  contribute  to  g|  ^ [253].  Thus,  ; 

'*e  2gj^)/3  and  g^^^  i g^  if  ggg  inequality  correeponda  to 

the  qualitetlvely  reaacnable  conclualoo  that  o*  atates  are  more  energetic- 
ally anclboadlng  than  th.  o atates  are  bonding  (253).  Moat  hetercatom 
eubstitutions  are  predicted  to  further  increase  g^  and  because 
typlcel  subscltuence  have  larger  X values  and  aaveral  hetero  groupi  have 
nonbonding  (n)  0-electrons  which  ahou  low  energy  s - „ trensltiona  which 
reduce  the  effective  4Ej.  Theae  effecta  are  proportional  to  the  odd- 
electron  density  on  the  heteroatom. 


nd  HcConnoll  [209J  observed  g-factor  anlaotroplea  (g||  • 

’ -006,  - 2-005)  for  the  CFZ/CT-DhA  complex  cosBoensurate 

with  the  Inturcelatlon  geomaery  and  the  above  conatderaLlona  concerning 
g-tactor  anisotropies  In  --electron  radicals.  The  results  of  the  present 


groups  of  ehlorldozlne  and  qechlomeprarlna  (see  Chapcer  VI)  OKert  a 
negligible  efface  on  the  laoccopic  hyperflne  Ineeraccloo  for  the  ring 
nitrogen,  the  value  of  - 7.0  0 for  chlorldsilne  aay  be  used  ea 

an  approiclmatlon  to  for  HHP.  In  vleo  of  Egs.  (Ill)  and  (lU) 


1 1 * ^ieo’  *1 1 *"'*  "•“»  clearly 

aagnetlc  parameters  derived  from  the  present  expert' 


expertaantal  tolerance  for  both  the  CT-BSA  and  SS-OSA  complexes).  The 
Isotropic  hyperflne  coupling  constant,  la  related  to  the  unpaired 

spin  density  at  the  nucleus.  |u(0)|*,  according  to  E.J.  (7S)  lo  Chapter 
III,  while  the  snlaotropic  or  dipolar  coupling  parameter,  , Is  given 
by  Eq.  (60)  In  Chapter  II  and  la  expected  to  be  positive  for  conttlbu- 


Magnetic  Paceoetecs  Jot  DNA-Boiind  Hadloal  Catlono  oJ 
ChlorptOMiljie  (CPZ),  Trlfluptoeoalne  CIPP>  etui 
Machiooeprazlne  <MHF] 


Froo  (223,224], 
'^Pro*  (225). 
^Pcoa  [256]. 


se  W)A-boimd  drug  r«dlcsls  exhibit  coMldecrtle  enleocropy  li 


>r  the  phanothlasine  ring  systeo 


deloealltatlon  o{  the  nnpelred  electron  occvire  prlnelpelly  In  ring  A for 
electron-ncceptlng  eubitltuents  such  as  -CF^  (and  -Cl)  S8  the  -R  group 
and  In  ring  B for  electron-donetlng  substituents  such  as  -SCH  In  the 
-Bj  position.  Fonnet  also  noted  that  -CFj  1s  anonalous  for  electron- 
anceptlng  aubstltu.nt.  In  that  .one  delocalisation  of  the  unpeired  elec- 
tron can  be  detected  on  this  aubstituent  (Fenner  also  studied  -C3)  and 
COCjH,  at  -R^).  Borg  and  Cotaias  1213,224)  concluded  that  their  UR  data 
for  CPZ  Indicate  that  the  following  resonance  font  is  likely  Co  be  the 


euldentlj  an  asymecry  of  charge  dUtrlbutlon, 
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1 deloMlliatlon  of  charge  djattlhution.  over  the  phenochlaalne  ring 
syscen  depending  on  the  nature  of  the  2-euhatltuent. 

Conalderotlon  of  the  oagnetln  paraoeters  In  T.ble  XVI  Indlcatee 
that  there  le  also  delocalization  of  the  unpaired  electron  In  the  DNA- 
bouid  drug  radicals.  ?ot  eaaople,  Che  uavefunctlon  for  the  odd  elec- 
tron in  the  ground  etace  of  the  drug  radical  can  ha  written  as  an  LCaO, 


iKdrug)  - c. 


whered{N2a}  la  cl 
atoBilc  orbital  ol 


Cj#(N2p^>  + I Cj*j  . ( 

Is  atoaiic  orbital  of  the  nitrogen,  d(B2p  ) 
le  nitrogen  which  porclclpacaa  in  the  ir-syi 


sys  en  contributing  to  the  LCAO,  c^  la  the  coafCiclenc  of  the  nitrogen 
Xa  AO,  Cj  the  coafficieat  of  the  nitrogen  2p  AO,  and  the  c,  are  the 
coafftclents  of  the  corresponding  lo  a first  approalnatlon  Che  i- 
or  p-character  of  the  odd  electron  at  a particular  nucleus  can  be  ob- 
tained by  caking  the  ratio  of  A^^(Bolecule)Mj^^<atoi)  or  A^j^fBoleoule)/ 
*dipt®'°"‘)'  respectively  {see  Chapter  III).  Then  frcm  Eq.  (113)  this 
appcoxinatlon  can  be  used  as  folloua: 


^^o<drug-DKA  conplaxj/Ajj^facoo), 
(drug-IWA  conpleij/A?, 


"•dip'*' 


(U4a) 

ai4h) 


laing  Eqe.  (114)  and  the  aagnetlc  paraneters 


j-character  indicates  considerable  delocalization 
lie  procedure  la  only  approximate,  of  course. 


id  depends  upon  the  doubtful  euppoeitlon  tl 


It  Che  ecoslc  properties 
8 readily  applied  and  pto< 
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EetlMtlons  of  Uie  Coefficient*  of  the  Nitrogen 
Atomic  Olblcels  in  the  Moleenler  Orblt*l  of 
Odd  Electron  of  BNA-bound  Drug  Sedlcel* 


2p, 


useful  qualitative  lofoiuatlon. 
CrlbuCim  Iq  the  radical  catlune 

from  the  native  drug  ertleeule  to 


ealaclve  eioda  of  binding  vhereaa 


charged  phosphate  groups  of  DNA 
chains  of  the  drugs.  Thia  precl 


is  to  be  expected  that  the  spin  die- 
little  affected  by  oooplexlng  with 
nge  in  spin  dlectlbuclon  In  going 

I cation  Interacts  through  an  ioter- 
irdlng  to  Che  work  of  Hale  f220] 

lue  to  interaction  of  the  negatively 
:be  cationic  groups  of  the  side 


bince  the  X-band  BSR  spectra  obtained  in  the 
s quallcacive  appearance  different  fron  that  of  the  Q-band  ESR  spectra 
obtained  for  the  CM/CT-DNA  complex  by  Ohnlshl  and  McConnell  1209],  it 
is  of  interaat  to  generate  computer  simulated  epectra  of  the  random 
<no  flow)  orientation  to  better  understand  Che  observed  ESH  spectrum. 

The  computet  program  [2S7]  allows  simulation  for  Che  theoretical  case 
of  axial  symietty  lor  S - 1/2  with  hyperflne  splitting  due  to  a single 
nucleus  with  I • I,  Figure  38  compares  the  results  for  X-band  (u  i 9.4 
CUx)  and  Q-band  (u  - 35  CHx)  ESR  spectra  using  the  magnetic  parameters 

Table  XVI.  The  effects  of  varying  the  ebsorp- 
m width  <4H)  in  the  program  are  illustrated  for  both  cases.  For 
.he  program  assumes  s 6 function  for  the  absorption  line  width. 

:k  speotrusi  shown  along  with  the  X-band  simulations  la  strictly 


for  DHA-bound  Cl 


COMPUTER  SIMULATED  SPECTRA 

CHLORPROMAZINE/DNA  COMPLEX  {G^^=0) 


1 to  Indicate  field 
■e  clearly.  Figure  3' 


qualitative  in  Intenelty  relatione  and  le  intende 
pocltlona  for  parallel  and  perpendicular  lines  mo 
Btioea  the  computer  alnulated  X-baod  ESR  spectra  f 
of  SS-DNA  complexes  of  the  radical  oatloea  of  CPZ,  TFP.  and  MMP,  Clearly 
tie  line  shapes  observed  experimentally  are  those  expected  on  theoretical 
grounds.  Comparison  of  the  X-band  and  Q-bsnd  almulatlone  In  Figure  38 
clearly  demonstrates  Une  shifts  due  to  g-tensor  effects  and  aceounts 
for  Che  difference  in  appearance  of  spectra  obtained  in  Che  present  work 
and  chose  obtained  by  Ohnlshl  and  MoConnall  (2091.  Comparison  of  the 
simulated  spectra  for  4a  - 0 in  uMch  the  parallel  and  perpendicular 

components  are  no  longer  resolved  shove  the  effect  of  absorption  line 
width  on  the  speccrua. 

experlmencally  observed  spectra  are  chose 
tot  provide  an  exact  overlap.  The  general 
te  identical  but  relative  Intensities,  resolu- 
>t  rigidly  equivalent.  The  computer  atmula- 


Indlcating  clearly  that  cl 
theoretically  expected,  di 
shapes  and  line  positions 
Clone  and  line  widths  are 
cions  are  sensitive  Co  chi 

in  Table  XVI  provides  further  confirmation 
matlon  of  from  values  of  A^  and  Aj  | . 
also  very  sensitive 

were  generated  for  4H  values  of  I,  2,  3,  4,  5 6 J g 
The  effect  on  the  shape  of  the  spectrum  Is  striking;  hi 
Indicated  that  a Una  width  of  5 to  6 C la  approptlace 
spectra  very  similar  to  those  observed  oxpetlmcncally. 


le  line  width  epecifled  c 


ecc  that  Che  closest 

validity  of  Che  eicl- 
omputer  slmuleclons  are 
o the  computer  program. 
Z.  computer  slmuletions 

ir  generating 


COMPUTER  SIMULATED  SPECTRA 
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srlglns  ot  which  a 


LI  apactroflcopic  lines,  EL 

re  complex  138-4l,63.«,«B-7l,72-7Sl . Two  baolc  pro- 
cenaes  can  lead  Co  broadening  ot  ESB  epecccoacoplc  llnea.  Secular 
broadening  la  canned  by  proceasea  that  generace  varyleg  local  Mgnetlc 
fields,  thereby  elcerlng  slightly  the  energy  aepsracloc  between  electron 
spin  icacea.  For  a given  microwave  frequency  a range  of  flelda  will  be 
found  at  which  resonance  can  occur  end  therefore  a broad  line  la 
generated.  The  local  variation  In  magnetic  fields  can  be  dynamic,  that 
Is,  the  paramagnetic  entity  experlencea  a time  floccuatlon  In  the  local 
magnetic  field,  or  spatial,  that  la.  the  loca  field  may  vary  from  one 
paramagnetic  entity  to  «weher  but  remains  constant  for  a given  paramag- 
netic entity.  Dynamic  hroadeolng  la  a homogeneoua  broadening  snd  spatial 
broadening  la  an  Inhomogeneous  broadening.  In  general  homogeneoua 
broadening  leads  to  Lorenttian  lineihapea  and  lohomogeneous  broadening 
to  Gaussian  lineahapes.  The  second  source  of  line  broadening  la  life- 
time broadening  of  quantum  mechanical  origin.  Since  a spin  state  ha# 

determined  by  the  Heisenberg  uncettelncy  principle,  that  la. 


iv  ■ (gd^/h)iH  , 


Any  process  chat  increases  Che  cransiclon  race  becwaen  the  spin  scaces 
deccesses  At  and  thereby  increases  the  linewldch.  AH.  ItleelBS  btosdenlns 
la  hoDogeneous  broadening  because  the  process  applies  equally  co  all 


Inhomogeneous  broadening  can  arise  from  anisotropic  Inceraetlons 
n randomly  oriented  solid-state  eysCema.  In  this  case  the  local  die- 
n of  aagncclo  fields  resulting  from  anisotropic  g and  hyperfine 
9 co  inhoDogeneicy  and  Che  line  shape  may  be  highly 
unsynBetrical.  Unresolved  hyperfine  stniccuce  may  also  lead  to  Inhomo- 
geneous line  broadening.  In  Che  present  experimencs  only  the  hyper- 
fine structure  Is  resolved,  and  even  here  only  Che  paraUel  component. 
Thus  there  Is  cercalnly  the  possibility 
due  Co  unresolved  nuclear  hyperfine 
Che  phenothlaalne  ring,  on  the  a-csrbon  of 

Interaction  from  che  crif luoronethyl  group 


broadening 
arising  from  protons  on 

as  well  as  hyperfine 
TFP.  Furchemore,  the  WA- 


bound  drug  syscena  are  not  truly  solid-state  systems  but  can  be  thought 
of  S3  pseudopolycrystslline  samples.  The  anisotropy  of  che  random  orlen- 
tntion  is  a connequenoe  of  che  high  viacoaity  of  the  aolucion  es  veil 
es  binding  to  che  DMA  helix.  It  la  thus  likely  chat  slow  tumbling  of 
che  molecules  lands  co  average  out  the  enloocropy  eoneohac,  thereby 
leading  to  additional  line  broadening. 

Experimentally  it  la  Important  to  use  s modulation  frequency,  f , 
vhich  Is  much  less  chan  che  peek-co-peek  derivative  line  vidch,  AH 
(expressed  in  frequency  units  as  Af  ),  chat  la. 


(118) 


used  for  linewidcha  aa  no 
ably  dlacort  lloaa  leaa  cl 
ia  gradually  increaaod,  c] 
long  aa  « HB  When 


:o  broaden  and  dlacocc.  When  h « h 
:reasea  linearly  trfch  wbeceaa  ufie 
dtb  Increaalng  The  ESR  algnal  r 
Ihen  decerminlng  ESR 


le  Bodulaclon  anpllcude,  K , 

®pp'  obaerved  line  begloa 
Che  ESR  algnal  anpllcude  In- 
* ^^pp»  Che  algnal  decroaaea 

nd  line  ahapea.  It  la  beat  to 
have  and  a practical  criterion  la  to  keep  H e 4u  /5. 

When  acteopclng  to  detect  very  weak  algnale,  aetting  S auffleea 

for  ma;tlBui«  aenalclvlcy.  In  the  preaanc  axpeciwoca  H waa  typically 
3.2  G and  the  observed  at  chle  noduletlon  anplltude  uae  about  15  C 
for  perpendicular  flov  and  6 to  8 G for  parallel  flow.  Thus  H vaa 
roughly  about  ^h^p/S  and  ejtparlence  showed  Chat  H near  3.2  6 gave  the 
beat  results.  It  should  be  noted,  however,  that  long  before  Che  signal 
amplitude  reaches  a maximum,  la  significantly  Increaaed.  This  la 
another  aource  of  line  broedenlng  In  the  empetimental  apeotra.  Further- 
more, alnce  • 15  G for  the  perpendicular  line  and  Ajj  la  approsl- 
mataly  the  seme  magnitude.  It  la  clear  thet  there  la  ton.ldarahle  overlap 
of  parallel  and  perpendicular  components  In  tha  r. 


norralatlon  between  computer-almulaced  and  experimental  BSi 
not  expected  In  the  present  mrk.  Furthermore,  It  should  I 
the  experimental  spectrometer  frenuency  is  a program  varlal 
values  of  v used  are  aomawhac  In  error  because  the  V.irlon  E 


equipped  for  reliable  frequency  QeaeureaenCB.  Tbia  oeane  tliac  ninor 
factor  ahlfce  can  occur  In  the  alamtated  apectra  aa  coupored  to  the 
eaperlnentnl  apectra,  tboreby  altering  the  correapondence  between  calcu- 

prograa  need  (257]  employe  a eecond-order  parturbactoi.  treatment  of  the 
axial  spin  Hamiltonian  and  waa  orUiaally  designed  (and  la  axtenalvely 
used)  to  treat  E molecules,  usually  diatomic  apeclea  studied  via  the 
matrix  laolatioo  technique  applied  Co  HbO  (aee  Chapters  I through  V). 
Therefore,  the  correlation  between  compucer-almulated  spectra  aod  observed 
spectra  tor  DNA-bound  phenochlaelne  drug  radical  cations  le  not  expected 
to  he  perfect.  Wiat  the  computer  aleuilatlona  do  eatabllsh,  however,  la 
that  Che  random  (no  flowj  orientation  ESB  spectrum  of  DMA-bound  pheno- 
chlnalne  radical  cations  corceeponds  to  the  theoretical  powder  pattern 
ESR  spectrum  of  a case  with  axial  symmetry.  S - 1/2,  and  a hypertine  split- 
ting from  one  nucleus  with  1 - 1,  Thus  the  computet  simulations  are  uee- 
ful  In  better  underatandlng  the  derivative  spectra  In  the  present  work 
end  ern  oonaldared  adequate  for  their  intended  propose  ae  they  are.  without 
the  additional  expenae  of  trying  to  achieve  a perfect  mecch  between 


flow  eyacem  has  bees  developed  for  use  > 
udilcb  Is  uaeful  In  ascettnlnlng  whether  or  not  planar  aromatic  radicals 
Interact  with  double  helical  nucleic  aclde  through  an  Incercalative  node 
of  binding.  The  apparatus  has  been  used  to  demonetrato  intercalation  of 
the  rodicnl  cations  of  the  phenothlarlne  druga  chlorpcomazloe,  crlflu- 
promnrlne,  and  nethlomeptaxino  with  calf  thymus  and  salmon  sperm  DMA. 


The  dcvalppuent  oi  these  esperlnetical  techniques  provides  e convenient 
Bethod  uhleh  osy  be  extended  to  further  studies  with  other  pheeothis- 
slne  drugs  or  other  potsmagoetlc  Intercelatlog  agents.  In  addition, 
such  a technique  should  prove  useful  In  extended  and  Inherently  nore 
lotereetlng  studies  such  as  probing  the  Interaction  of  phenothlatlee 
drug  radicals  with  chromatin.  Che  DMA-proteln  complex  found  In  Che 
eultaryoclc  nucleus  and  which  Is  active  ea  a template  for  USA  syntheela 
1258], 


APPENDIX 


DtAGONALlZATION  OF  THE  KbO  EFFECTIVE  SFIH  BAKILTONIAH 

The  eflecclva  spin  Eamilconlen  for  Che  NbO  o^lecele  given  by  Eq. 
(49)  in  Cbapcer  III  nf  the  text  le 


ThU  eppUes  to  the  BSR  traneltlon  - -1/2,  S le  tehee 

Co  be  1/2  and  e la  Identified  with  the  ayeaecry  aaia  of  Che  nolecule. 
Folioviog  a procedure  flrac  outlined  by  bleaney  (82)  and  conaldered 
thoroughly  slnee  In  a nuDber  of  referencea  (72,80,2591,  the  apie  Banlltonian 
in  Eq.  (119)  can  be  rearranged  Co  give  a Coroi  diagonal  in  the  Zeeaan 

dace.  The  Zeeman  term  la  conaldered  flrac. 

Changing  Co  anocher  aet  of  axes  x*.  y*,  and  e*  auob  cbac  a’  in 


For  a linear  molecule  the  direction  of  H can  be  cahen  as  the  polar  axis 
end  6 Che  angle  beCween  z end  K.  Since  y can  arbitrarily  be  chosen 


j(g|  |Cos9Sj,  + 2|j 


Choosibg  new  direction  cosines, 

dj.  ■ g||Cos9/g  , (122*) 

where  g - (g||COs^0  + 4g^sljt^0)^^^,  then  can  be  wrlccen  *s  in 

E<!-  (123). 


Subsclcntlng 


- 4Aj8j^8ine/Ag  , C127b) 
where  A g • A||g||Cos  fl  '*■  16A|g^ala^6,  the  fallowing  relation  Is 
obtained  for  Eq.  (119): 


+ ((4A|  - Af il/A] (2gi |g|/g  )aln6coa91’5. 


- IS  , Eq.  (129)  la  obtained,  which  la  dlagonel  li 
Identical  to  Eq.  (SO)  in  Chapter  111  of  Che  teat. 


'“apln’op  ■ *®e'*®t  * *Vt  * *|  | 

' SlnecoaSl^S^  * (Aj^y2)[(A||  + A)/A] 

X (iV  ♦ I's"^)  h (Ay2)[(A||  -A)/A] 


Here  g and  A are  Che  ease  as  defined  In  the  above  dlacoaslon  and 


Chapter 


COMPUTER  TECHMiqUES  Pc 


IE  KbO  HOLECULE 


The  Perm  of  Che  effective  spin  Hectlltonlan  for  m>0  Chat  ie  dlegocial 

in  Appendix  A.  & conpucer  proRTaiii  was  written  Co  dlegonellae  chie  spin 
HaadlConUn  end  genetace  Che  epproprUce  eigenvalues  and  elgenveccore 
for  the  apeclElc  case  of  Che  NbO  iKclecule  with  5 ■ 1/2  aod  1 ■ 9/2.  The 
progcas  conalsca  of  a driver  routine  co  genetace  the  spin  HaBcilconlan 
matrix  elements  which  are  given  In  ctidlagonal  form  for  3 “ 90*  to  a 

vectors.  The  dlagonsllsacion  subroutine  was  obtained  from  Carnahan, 

Jacobi,  for  cranafonning  a real  synsetrlc  matrix  A into  diagonal  fora, 

leads  to  the  desired  reaulcs  was  eacabllahed  by  Focayche  and  Heorlcl 
molecule  was  written  by  Or.  J.M.  Brixii,  Jr.,  to  whom  the  author  la  deeply 

appendix  foUowe  standord  precclcc  [260,162,263). 

The  subroutine  implseiencing  Jacobi's  method  for  finding  Che  eigen- 


lowec  triangular  portion  of  A (260).  The  scarclng  matrix  and  all  lea 
the  product  of  the  aucceasive  orthogonal  annihilation  oatricea  la  the 


Bimply  ignored  In  the  Iterationa.  Before  the  firat  Iteration  the  Bum 
of  aquarea  S of  all  elemenca  in  the  full  matrix  A la  computed.  The  aum 
of  the  aquarea  of  the  diagonal  elementa  of  A before  and  after  each  coaqilete 

criterion  for  eoding  Che  procedure  la  normally  [1  * < e,. 

At  chla  point  both  and  0^  should  almoat  equal  S.  An  upper  limit, 

^2’  * ' ‘ ' ^n  diagonal  elementa  of  the  floal  craoaformed  matrix 

A.  The  elementa  of  the  corresponding  elgenvectora  are  in  auccesalve 
eolnfflna  of  T.  The  flow  diagrams  of  the  main  program  QSICKA2  (see  Figure 

principal  program  variables  (see  Table  XVIIl)  and  the  liaclng  of  the 

of  the  magnetic  parameters  of  ftbO  from  the  initial  eatlmatas  of  the  g- 
and  A'Values.  an  Iterative  calculation  of  the  A-valuea  Is  done  by  adding 


‘‘"’’obs  ■ *20  " 
qu«ntiC;  Q <X, 


+ 9Aj^  - can  be  defined  for  the  Mj  - -9/2 


A|  - IQ  + 2g^8,Bj^  - CXj5  - ly,n/9  - <130) 

A new  value  of  A|  | can  thee  be  calculated  fcoa  Kaaai's  eapreealon  [3] 
tot  the  parallel  restmaneea  ee  dlacasaed  In  the  text  In  Chapter  111. 

entire  dlagonallaatlon  precedure  acarte  again.  UaueLly  about  five 
Iceretlona  ate  all  that  are  required  tor  convergence  ot  the  A-valuea 
tor  a given  aet  of  g-valuea. 


^ fegtn  1^  a 


-.I..  .Il,  . 

..... 



9(iadlanfi>  --  9Cdegrees) 
t - (6||CM^e  + <ig|sln*9)^''^ 

■ 1.  . . ..  20) 

— 

A-(U||t||/g  )«..  9 t (16A^gj^/8  )at.  9)“' 
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